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CHAPTER 1 
General Introduction 
Proliferation of cells forms the basis for the formation of a multicellular organism from a 
fertilized oocyte During growth, development and differentiation of an organism, cells pro­
liferate in an orchestrated manner to form all the organs and tissues Hereafter, most cells 
stop dividing, but even in an adult organism, cells have to proliferate to ensure proper func­
tion and repair of tissues and organs For instance, cells in the epithelia that line the intesti­
nal tract divide constantly and the process of wound healing and bone formation involves 
the proliferation of several cell types To coordinate these processes and to prevent abnor­
mal growth, proliferation of cells must be tightly controlled not only during development, 
but also in an adult organism In other words, there have to be mechanisms that instruct 
cells when to stop or when to start dividing Cancer cells, however, escape from these con­
trol mechanisms and proliferate without receiving the appropriate external signals Under­
standing the mechanisms of normal cellular growth control and the way by which control 
mechanisms are lost in cancer cells is of fundamental importance in basic cancer research 
(Weinberg, 1996) 
NRK cells as a model system for growth control 
Normal, non-tumorigenic cells grow until they reach a certain critical cell density, after 
which they stop dividing This process is called density-dependent growth inhibition (or 
contact-inhibition) and is one of the mechanisms by which normal cells are controlled in 
their proliferation The loss of density-dependent growth inhibition is one of the main dif­
ferences between normal cells and oncogenically transformed cells Normal rat kidney 
(NRK) fibroblasts can be used as a model system for studying control mechanisms of cell 
growth and cellular alterations in oncogenesis, since they can be phenotypically transformed 
by growth factors concomitant with a loss of density-dependent growth control (Van Zoe-
len et al , 1988, Van Zoelen, 1991) When cultured under serum-free conditions in the pres­
ence of epidermal growth factor (EGF), these cells undergo density-dependent inhibition of 
growth and become quiescent at a critical cell density In the additional presence of for in­
stance transforming growth factor β (TGFß), these cells acquire a transformed phenotype 
and the ability to grow under anchorage independent conditions This last characteristic is 
considered to be the best m vitro correlate of the capacity of transformed cells to induce 
tumors in nude mice Other growth factors, such as retinole acid (RA), lysophosphatidic 
acid (LPA) and platelet-derived growth factor (PDGF) are also capable of transforming 
NRK cells in the presence of EGF However, PDGF and LPA are not completely depend-
ent on EGF in their transforming effect on NRK fibroblasts, suggesting that they work via a 
different mechanism (Van Zoelen et al, 1988, Van Zoelen, 1991b) In summary, NRK cells 
can be used as a model system to investigate not only the mechanisms underlying inhibition 
of cell proliferation at confluent densities, but also the factors that are responsible for the 
loss of this inhibition which accompanies cellular transformation 
Several mechanisms have been proposed to be involved in density-dependent growth 
regulation (reviewed in Van Zoelen, 1991b, 1991c) These include the production of growth 
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inhibitory factors (Wang and Hsu, 1986, Johnson, 1994), growth inhibition by plasma 
membrane proteins, the so-called contact-inhibins (Wieser et al , 1990, Gradi et al , 1995), 
modulation of growth factors receptors (Rizzino et al , 1988, 1991), activation of protein 
phosphatases (Pallen and Tong, 1991, Rijksen et al , 1993b), and regulation of density-
dependent growth inhibition by membrane potential (Binggeh and Weinstein, 1985, 1986) 
and intercellular communication (Loewenstein, 1981, Chen et a l , 1995, Ruch et a l , 1995) 
In addition, a role for the expression of cyclin A (Gaudagno et al , 1993) and fibronectin 
(Dalton et al , 1992) under conditions of anchorage-independent growth has been shown to 
be involved in the process of transformation 
Previous studies on growth regulation ofNRK cells 
Several observations have led to a model in which modulation of EGF receptors plays a cru­
cial role in the control of cell growth of NRK cells It has been shown in these cells that the 
number of E G F receptors on the cell surface decreases at high cell densities (Rizzino et al , 
1988, 1990). Thus, it has been hypothesized that EGF receptor levels decrease when cell 
density increases to such a value that EGF-induced growth stimulatory signals are insuffi­
cient for induction of cell proliferation Transforming growth factor β (TGFß) and retinole 
acid (RA) can induce loss of density-dependent growth inhibition, but only in the presence 
of EGF Both TGFß and RA are not mitogenic by itself for NRK cells, but have been 
shown to increase the number of EGF receptors (Roberts, 1984, Assoian, 1985) This obser-
vation led to a model (Fig 1A) in which factors that increase the number of EGF receptors 
in density-arrested cells can make the cells responsive to EGF again and thereby induce the 
loss of density dependent growth inhibition and cause transformation (Rizzino el al, 1990, 
van Zoelen et al , 1994) Alternatively, growth factors such as PDGF and LP A can be added 
which are mitogenic by themselves for NRK cells, and can induce phenotypic transforma-
tion in combination with the EGF present (Van Zoelen et a l , 1988, Van Zoelen, 1991b) 
These observations have led to a model in which the combined response of EGF and an-
other parallel pathway may also be sufficient to cause a mitogenic response (Fig IB) 
Previous data from our laboratory have shown that the growth regulatory peptide 
bradykinin (BK) strongly inhibits phenotypic transformation and the loss of density-
dependent growth inhibition induced by TGFß and RA (Fig 2, Afink et al , 1994, van Zoe-
len et al , 1994) Northern analysis and receptor binding studies demonstrated that the 
growth inhibitory effects of bradykinin were paralleled by a decrease in EGF receptor ex-
pression Effects caused by the binding of BK to its receptor are the release of ìnositol-
tnsphosphate (IP3) and subsequent Ca + release The inhibitory effect of BK can probably 
not be attributed to these effects, since other phosphoinositide releasing agents, such as ly-
sophosphatidic acid (LPA) and prostaglandin F, a , are not able to mimic this inhibitory ef-
fect (Fig 3) In contrast to BK, the bioactive phospholipid LPA is a strong inducer of phe-
notypic transformation of NRK cells, although LPA mimics many of the intracellular ef-
fects of BK including phosphoinositide turnover, Ca + mobilization and arachidonic acid 
release (Afink et al , 1994) The involvement of a prostaglandin derivative (Afink et al , 
1994) in the mechanism by which BK inhibited growth was suggested by the observation 
Partly based on iwo articles (Afink et al 1994 van Zoelen et al 1994) co-authored by A D G de Roos which 
formed the incentive for the research presented in this thesis 
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Fig 1 Model for growth factor-induced loss of density-dependent growth inhibition of 
NRK cells (Van Zoelen, 1991b) Density-arrested NRK. cells can be restimulated to pro­
liferate by the addition of factors that increase the EGF receptor number in the plasma 
membrane, and thereby enhance the level of growth-stimulating signals induced by EGF 
(A), or alternatively by addition of a growth factor such as PDGF that can act in parallel 
with EGF, in such a way that the combined signals are sufficient to induce proliferation 
(B) 
that inhibitors of cyclooxygenase activity counteracted the inhibitory effect of BK on phe-
notypic transformation of NRK cells. Externally added prostaglandin J2 could mimic the 
inhibitory effect of BK, suggesting that the growth-inhibiting prostaglandin induced by BK 
might be prostaglandin J2 (Lahaye et al., 1994). 
Although EGF receptor levels seem to play an important role in growth control of 
NRK cells, other pathways have been suggested to be involved in growth control of NRK 
cells as well. A role for protein phosphatases in density-dependent growth inhibition was 
suggested by the observation that vanadate, an inhibitor of protein tyrosine phoshatases, is 
able to prevent the induction of density-dependent growth inhibition (Rijksen, 1993a; 
1993b). Other observations suggest the involvement of connective tissue growth factor 
(Kothapalli et al., 1997) and a decrease of inositol polyphosphate 5-phosphatase (Speed et al., 
1996) in transformation of NRK cells. It has been shown that expression of cyclin A is regu­
lated by adhesion and that enforced expression of cyclin A induces anchorage-independent 
growth (Gaudagno et al., 1993). Also, upregulation of fibronectin by for instance TGFß has 
been shown to play a role in anchorage-independent growth and transformation of NRK 
cells (Allen-Hoffman et al., 1988; Dalton et al., 1992) 
The role of intercellular communication in growth control of NRK cells has been inves-
tigated by Van Zoelen and Tertoolen (1991). Since no significant intercellular communica-
tion in NRK cells as measured by dye transfer was found under the experimental conditions 
tested, in contrast with another study that found that NRK cells are electrically well-
coupled (Maldonado et al., 1981), the role of intercellular communication in growth control 
remained unsettled. 
The aim of this study was to investigate the role of electrophysiological parameters, such 
as membrane potential and modulation of ion channels, gap junctional intercellular com-
munication, as well as the role of the intracellular calcium concentration ([Ca +VJ in density-
dependent growth regulation of NRK cells. Emphasis was placed on the regulation of these 
parameters by externally added growth factors. 
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Fig. 2 Effect of bradykinin (BK) on 
growth factor-induced loss of density 
inhibition of NRK cells Density-
arrested cells were incubated with 2 
ng/ml TGFß, 50 ng/ml RA, 50 ng 
tetradecanoyl phorbol acetate (TPA) 
or without stimulus (control) in the 
additional presence or absence of 1 
μΜ bradykinin Incorporation of 
[3H]-thymidine (TdR) was determined 
between 4 and 20 hours after growth 
factor addition (Van Zoelen et al., 
1994). 
Fig 3 Comparison of bradykinin (BK) and prostaglandin F 2 a (PGF 2 a ) in inducing degra­
dation of inositol containing phospholipids (A) and growth inhibition (B) of NRK cells 
Indicated stimuli were added to density-arrested cells at the following concentrations 
com , no addition, BK, 10 (A) or 1 (Β) μΜ; PGF 2 „, 1 μΜ; FCS, 9% fetal calf serum, 
T G F ß , 2 ng/ml , RA, 50 ng/ml (Van Zoelen et a l , 1994) 
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Electrophysiological studies on density dependent growth regulation 
Intercellular communication via gap junctions is strongly reduced in many transformed cells 
(Holder et a l , 1993) It has been proposed that an upregulation of gap junctional intercellu-
lar communication at high cell densities blocks further proliferation of cells (Loewenstein, 
1981) Cell growth could be regulated by intercellular communication through diffusion of 
growth inhibitory signals to other cells, thereby preventing cell division in all coupled cells 
Also, growth stimulatory signals may diffuse through gap junctions to adjacent cells, causing 
dilution to substimulatory levels of the growth stimulus (Ruch, 1994) Inhibition of gap 
junctional communication in BALB/c 3T3 fibroblasts has been shown to increase the den-
sity at which the cells became density-inhibited in their growth (Ruch et al , 1995) More-
over, restoration of gap junctional coupling restored density-dependent inhibition of prolif-
eration in phenotypically transformed kidney epithelial cells (Chen et al , 1995) 
A role of membrane potential in growth control has been suggested by the correlation 
between mitotic activity and membrane potential of cells In general, proliferating cells have 
a less negative membrane potential than resting cells (Binggeli and Weinstein, 1985, 1986) In 
epithelial cells derived from normal rat kidney, it has been shown that the membrane poten-
tial of these cells hyperpolanzes upon reaching a certain cell density (Binggeli and Wein-
stein, 1985) This process was not observed in transformed cells and, therefore, it has been 
suggested that density-dependent inhibition of cell growth may be regulated by a density-
dependent hyperpolanzation of the plasma membrane 
Gap junctional intercellular communication 
Cells can communicate with each other through the exchange of cytosolic molecules such as 
ions, second messengers, and other small molecules This intercellular communication is 
possible by the presence of clusters of intercellular channels, called gap junctions Gap junc-
tional intercellular communication has been shown to be involved in many biological proc-
esses such as cell proliferation, control of pattern formation and early developmental signal-
ing, entrainment of synchronous activity between excitable cells, and secretion (Bruzzone et 
al , 1996a, 1996b) 
Gap junctions are composed of channels that connect neighboring cells The principal 
structural component of a gap junction is the transmembrane protein connexin, which is 
assembled into an hexamenc structure called a connexon An individual connexon from one 
cell can associate with a connexon of a neighboring cell to form a gap junction channel This 
pairing of connexons with neighboring cells also gives the opportunity for gap junctional 
coupling between different cell types There are many types of connexins, and the connexin 
family consists, in rodents, of at least 13 members It has been established that distinct con-
nexins are expressed in more than one tissue and that a single cell type can express one or 
several connexins Gap junctions can be formed from connexons containing connexins from 
the same type (homomenc connexons), but also between connexins from different types 
(heteromeric connexons) Each connexin has unique properties with regard to unitary con-
ductance, ionic permeability, size cut-off and channel gating, and therefore gap junctions can 
be formed with many different characteristics (Bruzzone et al , 1996a, 1996b, Kumar and 
Gilula, 1996) 
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Gap junctions allow transfer of molecules up to 1 kDa (Simpson et al., 1977) and, there-
fore, intercellular coupling permits the transduction of molecules such as Ca , IP3, cAMP 
and cGMP. Besides this biochemical coupling, gap junctions also allow electrical coupling, 
in which gap junctions mediate the rapid spread of electrical events, allowing coupled cells 
to act like an electrical syncytium. In this way for instance depolarizations such as action 
potentials can be transduced between cells giving rise to synchronous responses, of which 
the action potential propagation in the heart is a classical example. Moreover, it has been 
shown that electrical coupling between endothelial cells and smooth muscle cells may medi-
ate vasoconstriction (Bény and Pacicca, 1994). 
There are many physiological regulators of intercellular communication. Phosphoryla-
tion of connexins on serine and threonine residues by an activation of protein kinase С 
(PKC), and phosphorylation on tyrosine residues by, for instance, activated growth factor 
receptors or oncogene products have been shown to block intercellular communication 
(Bruzzone, 1996b). In addition, a decrease of the intracellular p H and a transjunctional volt­
age difference can modulate gap junctional conductance. Gap junctions can also be blocked 
by an increase in the [Ca +]„ although it is believed that this occurs mostly at non-
physiological concentrations of Ca + . Gating of gap junctions by changes in [Ca + ] , may be 
important, however, under pathological conditions (Spray and Bennett, 1985; Kumar and 
Gilula, 1996). 
Many growth factors, such as platelet-derived growth factor (PDGF) and EGF, have 
been shown to block gap junctional communication by a phosphorylation of connexin resi­
dues (Maldonado et al., 1988; O h et al., 1993; Pelletier and Boynton, 1994). This inhibition 
of junctional communication is independent of the activation of tyrosine kinase activity of 
the receptor itself and is probably mediated by other second messenger pathways, such as 
the mitogen-activated protein kinase (MAP-kinase) pathway, eventually leading to the phos­
phorylation of connexins. LPA, which binds to a G-protein coupled receptor, can also in­
hibit gap junctional communication by a phosphorylation of connexins, probably also me­
diated by the MAP-kinase cascade (Hii et al., 1994). 
Membrane potential changes in the action of growth factors 
All eukaryotic cells have negative plasma membrane potentials ranging from -10 and -90 
mV. It has been shown that there is a strong correlation between membrane potential and 
growth status of the cell (Kaplan, 1978; Binggeli and Weinstein, 1986). Quiescent, non-
transformed cells have a membrane potential ranging from approximately -40 to -90 mV, 
whereas proliferating cells have a more depolarized membrane potential. Also, the activation 
of proliferation of quiescent cells by serum is accompanied by a rapid and long-lasting depo­
larization (Moolenaar and Jalink, 1992). Prolonged membrane depolarization in activated 
cells may serve diverse physiological functions, ranging from the control of membrane ex­
citability and modulation of Ca + signaling, to the regulation of protein translocation across 
the membrane (Postma et al., 1996). However, a reduction in membrane potential seems not 
essential for growth since not all growth stimulating factors evoke a depolarization. 
Membrane potential also plays an important role in signaling. In excitable cells, such as 
nerve and muscle cells, action potentials cause the rapid transmission of information over 
long distances, thereby controlling effector responses including the activation of electrically 
6 
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gated ion channels, muscle contraction and exocytosis (Eckert, 1988) Also in non-excitable 
cells, membrane potential may control processes such as secretion and vascular tone, while 
many transport processes are known to depend on membrane potential (Hille, 1992) 
In animal cells, the membrane potential is determined by the concentration gradient for 
different ions on one hand, and the permeability for these ions on the other hand In rest, 
the membrane permeability for K+ ions is relatively high compared to the permeability of 
other ions Since in addition the intracellular concentration of K+ is high (about 120 шМ) 
compared to the extracellular concentration (about 5 mM), the membrane potential of rest­
ing cells will be close to the reversal potential for K* ions, which is about -90 mV Opening 
of Na+ or Ca + channels will result in a change in the membrane potential towards more 
positive values, since the concentrations of both ions are lower inside the cell, making the 
reversal potential of these ions positive (Hille, 1992) The change of membrane potential 
upon opening of CI channels depends on the concentration of CI ions in the particular cell 
studied, which ranges from 5 mM (Hille, 1992) in skeletal muscle to 70 mM in fibroblasts 
(Lamb and MacKinnon, 1971, Chao et al , 1989, Leeves and McDonald, 1995, Postma et al, 
1996) With an extracellular concentration of Cl of about 125 mM, this results in reversal 
potentials of -90 mV for skeletal muscle to -15 mV for fibroblasts 
It has been reported that also fibroblasts, which are considered to be nonexcitable cells, 
contain voltage-dependent Ca + channels (Chen et al , 1988, Lovisolo et al, 1988, Peres et 
al, 1988, Baumgarten et al , 1992), although a function for these channels remains unclear 
In contrast, in this thesis it will be shown that Ca + action potentials, due to the regenera­
tive opening of L-type Ca + channels, can be evoked by a depolarization in monolayers of 
NRK cells In excitable cells, action potentials can be generated by a membrane depolariza­
tion beyond a threshold value Voltage-dependent ion channels form the basis for the gen­
eration of such action potentials The voltage-dependent channels involved open due to a 
depolarization which causes a further depolarization resulting in opening of additional 
channels This regenerative depolarization can propagate over long distances in an all-or-
none fashion (Hille, 1992) In animal cells, voltage-dependent Na+ and/or Ca + channels are 
involved in the action potentials in, for instance, nerve and muscle cells (Hagiwara and By-
erly, 1981, Hille, 1992) 
Many growth factors have an effect on ion channels and affect the membrane potential 
of cells Activation of growth factor receptors often results in an increase in [Ca2+]„ with a 
subsequent opening of Ca """-activated channels EGF for example evokes a depolarization in 
some cell types due to the activation of Ca + activated K+ channels Other growth stimulat­
ing agents such as LPA may affect ion channels independently from intracellular calcium 
(Postma et al, 1996) LPA evokes a rapid depolarization in Rat-1 fibroblasts due to the Ca2+-
ìndependent activation of CI channels Apart from a potential role in the generation of ac-
tion potentials, depolarization may be involved in a Ca + influx through voltage-dependent 
Ca + channels However, the role of membrane potential changes in the growth stimulating 
effect of these factors remains unknown 
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Calcium signaling 
Intracellular calcium is an ubiquitous second messenger and is responsible for the regulation 
of a wide variety of cellular processes, ranging from exocytosis to muscle contraction and 
cell growth Cells have access to two major sources of calcium, one infinite external supply, 
and a second much more finite, internal source stored in the endoplasmic reticulum 
(Berndge, 1993) Apart from increases in [Ca"+], in a single cell, much attention is currently 
focused on coordinated Ca + signaling between cells Intercellular Ca + waves initiated by 
mechanical or chemical stimuli propagate between cells via gap junctions The diffusion of 
inositoltrisphosphate (IP3) through gap junctions and a regenerative mechanism for IP, pro­
duction is believed to be responsible for these intercellular Ca + waves The function of 
these Ca + waves may be the coordination of cooperative cellular responses to local stimuli 
(Sanderson et al , 1994) 
Ca2+ entry from the extracellular medium can occur via voltage-operated, receptor-
operated, or second messenger-operated channels These channels play an important role in 
signal transduction of excitable cells In most other cells, intracellular Ca + stores appear the 
major source of Ca + (Berndge, 1994) The release of Ca + from intracellular stores is regu­
lated by IP3 receptors or ryanodine receptors in intracellular stores Many growth factors 
utilize the messenger IP3, which is formed by the hydrolysis of the membrane phospholipid 
phosphatidyhnositolbisphosphate (PIP2) catalyzed by phosphohpase С (PLC), to evoke an 
increase in the [Ca + ] , PLC can be activated by agonists binding to G-protein coupled ser­
pentine receptors which activate PLC type β (Berndge, 1993, 1995b) Examples of these re­
ceptors are the bradykinin, the LPA and the prostaglandin F 2 a receptor Receptors with 
tyrosine kinase activity, such as the EGF receptor, can activate PLC type γ (Berndge 1993) 
IP3 released upon activation of PLC can activate the IP, receptor in the endoplasmic reticu­
lum causing an influx of Ca in the cytosol Another mechanism for release of Ca + from 
intracellular stores is by the opening of ryanodine receptors The activation of the ryano­
dine receptor is responsible for the Ca +-induced Ca + release mechanism (CICR), which 
can amplify an initial small Ca + increase The IP, receptor also seems to have a CICR 
mechanism (Berndge, 1993) Another mechanism for amplifying an initial Ca + signal is by 
capacitative Ca + entry, in which the release of Ca + from intracellular stores generates a 
signal, which nature is so far unknown, which activates Ca + channels in the plasma mem 
brane, causing an additional Ca + influx in the cytosol (Putney, 1992, Berndge, 1995b) 
Outline of the thesis 
In this thesis, the electrophysiological aspects of growth factor signaling have been studied in 
NRK fibroblasts, with an emphasis on intercellular coupling, membrane potential and the 
intracellular calcium concentration First, a new method for measuring electrical intercellu­
lar communication in clusters of cells was developed (Chapter 2) A role for electrical cou 
pling in stabilization of the membrane potential and the effect of fenamates on intracellular 
coupling were studied in Chapter 3 The mechanisms underlying a depolarization caused by 
bradykinin is described in Chapter 4 In Chapter 5 the discovery of spontaneous synchro 
nous Ca + spikes in density-arrested monolayers of NRK cells is shown, whereas Chapter 6 
describes the induction and propagation of the Ca + action potentials that underlie these 
spontaneous Ca + spikes Finally, a potential role for intercellular signaling in the transduc-
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tion of electrical signals between fibroblasts and epithelial cells, that were used as a model 
system for heterocellular communication, will be shown in Chapter 7. The results presented 
in this thesis lead to a better understanding of electrophysiological characteristics of fibro-
blasts, and show how intercellular communication, membrane potential and calcium are 
interwoven in growth factor signaling of NRK fibroblasts. The present study will form the 
basis for further studies on the role of electrophysiological parameters in cell growth control 
of NRK fibroblasts. 
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Determination of Gap Junctional Intercellular Communication by 
Capacitance Measurements. 
Albert D G de Roos, Everardus J J van Zoelen, and Alexander Ρ R Theuvenet 
ABSTRACT 
Electrical coupling between cells is usually measured using the double patch 
clamp technique with cell pairs Here, a single patch clamp technique that is 
not limited to cell pairs is described to determine electrical coupling between 
cells Capacitance measurements in clusters of normal rat kidney (NRK) fi­
broblasts were used to study intercellular communication In the whole cell 
patch clamp configuration capacitive transients were evoked by applying small 
voltage pulses Total membrane capacitance was calculated from these ca­
pacitive transients after determination of access resistance, membrane conduc­
tance, and decay constant of the transients, or alternatively by integrating the 
current transient We found that in clusters of one to ten cells, membrane ca­
pacitance increased linearly with cell number, showing that the cells are elec­
trically coupled Membrane conductance of the cluster of cells also increased, 
as expected for cells that are well-coupled In subconfluent and confluent cul­
tures, high membrane conductances together with large capacitive transients 
were observed, indicative of electrical coupling Capacitance could only be de­
termined qualitatively under these conditions, due to space clamp problems In 
the presence of the gap junctional inhibitors halothane, heptanol or octanol, 
capacitance of all clusters of cells fell to single cells levels, showing a complete 
uncoupling of the cells The tumor promoter 12-0-tetradecanoylphorbol-13-
acetate (TPA) also uncoupled the cells completely, within 10 minutes We 
conclude that capacitance measurements can provide a useful tool to study 
changes in intercellular communication in clusters of cells 
I N T R O D U C T I O N 
Gap junctional intercellular communication plays an important role in many biological 
processes Coupling between cells has, for instance, been implicated in the propagation of 
cardiac action potentials and contraction of smooth muscle (Spray and Bennett, 1985), em­
bryonic development (Kalimi and Lo, 1988), synchronization of hormone secretion in the 
pancreas (Santos et a l , 1991), regulation of blood flow (Daut et a l , 1988), and in the regula­
tion of cell proliferation (Loewenstein, 1981) 
Intercellular communication through gap junctions is mediated by connexin proteins 
and can be modulated by several mechanisms Elevation of the intracellular calcium concen­
tration, intracellular acidification, and lipophilic substances such as heptanol, octanol, and 
halothane have been shown to reduce intercellular communication Phosphorylation, stimu­
lated by cAMP or TPA, also decreases coupling between cells (reviewed in Holder et a l , 
1993) 
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Several methods exist to study intercellular communication Various biochemical tech-
niques have been developed in which the transfer of a tracer molecule is followed These 
techniques include dye transfer after scrape loading (El-Fouley et al , 1987) or microinjection 
(Stewart, 1978), fluorescence recovery after photobleaching (Wade et al , 1986), metabolic 
co-operation (Yotti et al., 1979), and radioactive metabolite transfer (Hooper, 1982) Electri-
cal communication in cell pairs can be measured using the double voltage clamp technique 
with microelectrodes (Spray et al , 1981) or by determining the gap junctional conductance 
using the double whole cell patch clamp technique (Neyton and Trautman, 1985) 
Although gap junctions allow transfer of molecules up to 1 kDa (Simpson et al , 1977), 
molecules smaller than 1 kDa are not always transferred effectively and even transfer of 
molecules of the same size can be different (von der Weid and Bény, 1993, Brissette et al , 
1994) Moreover, cells that are not dye coupled can still be electrically coupled (Steinberg et 
al, 1994, Traub et al , 1994) Differences in dye and electrical coupling may depend on the 
physical and chemical properties of the dye, and the type of connexin involved (Brissette et 
al, 1994, Steinberg et al , 1994, Traub et al, 1994, Veenstra et al, 1994) Therefore, intercel-
lular communication studied using biochemical techniques only shows whether the cells are 
coupled for the dye used and will not always give information about electrical coupling On 
the other hand, measurement of electrical coupling using double voltage clamp techniques is 
technically difficult because it requires the use of at least two electrodes Theoretically, the 
double patch clamp technique can be applied to multicellular preparations but mathematical 
analysis of the data obtained from those experiments is complicated Therefore, this tech-
nique is mostly used to determine electrical coupling of isolated cell pairs only. 
Here, we describe a simple single patch clamp technique that is not limited to cell pairs 
to assay electrical intercellular communication With increasing number of cells in a cluster, 
the total membrane surface, and thus the capacitance, will increase when the cells are electri-
cally coupled We used this principle to determine intercellular coupling in clusters of nor-
mal rat kidney (NRK) fibroblasts NRK cells have been shown to be coupled biochemically 
(Maldonado et al , 1988, Kiang et al , 1994, Goldberg et al , 1995) as well as electrically 
(Maldonado et al , 1988) Using capacitance measurements, we show that clusters of NRK 
fibroblasts are electrically well-coupled and may provide a good cell system to study electri-
cal intercellular communication 
MATERIALS AND METHODS 
Chemicals octanol, heptanol and halothane were from Aldrich (Steinheim, Germany), 
12-0-tetradecanoylphorbol-13-acetate (TPA) was from Sigma (St Louis, Mo , USA) 
Cell culture NRK fibroblasts (clone 49F) were seeded on plastic tissue culture dishes at a 
density of 10 to 10 cells per cm" in bicarbonate-buffered Dulbecco's modified Eagle's me-
dium, supplemented with 10% bovine calf serum (HyClone Laboratories, Logan, Ut , 
USA) Cells were cultured for one to five days at 37 °C in 5% C 0 2 Single cells, small clus-
ters of cells (two to ten cells), subconfluent and confluent cell cultures were used for patch 
clamp studies Cultures were called subconfluent when 30-50% of the culture dish was cov-
ered with cells and the patched cell was part of a cluster of at least 100 cells Ten to fifteen 
minutes before using the cells for patch clamp measurements, medium was replaced with a 
physiological salt solution, containing (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Tris, 
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Fig 1 A Minimal equivalent circuit of 
the whole cell patch clamp technique 
The cell membrane is represented by a 
capacitance C
m
 and a resistance R
m 
The resistance between the pipette and 
the cell is indicated as the access resis­
tance R
a
. Seal resistance is assumed to 
be perfect and capacitance of the 
pipette assumed to be cancelled with 
the patch clamp amplifier В Current 
transient of a model cell as a result of a 
short voltage pulse (Vp) delivered 
through the pipette I 0 is peak current 
at t = 0 Current will decay exponen­
tially, and 1„ is the steady-state current 
after capacitor (i.e membrane) has 
been charged The area under the 
transient (Q) represents the charge 
accumulated on the membrane 
10 glucose, pH 7.4 at room temperature. In experiments in which the medium was changed, 
the cells were perfused at a rate of 1 ml/min in an incubation chamber with a volume of 0.6-
0.8 ml. 
Whole cell patch clamp measurements: Conventional whole cell patch clamp methods were 
used. Patch pipettes were made from thin-walled glass (SG150T, Clarke Electromedical In­
struments, Pangbourne, UK) using a two stage pipette puller (L/M-3P-A, List Electronic, 
Darmstadt, Germany). Pipettes were carefully coated with Sylgard 184 (Dow Corning, Mid­
land, Mich., USA). Pipettes were filled with a pipette solution (in mM: 25 NaCl, 120 KCl, 1 
CaCl2, 1 MgCl2, 10 Tris, 3.5 EGTA, pH 7.4) and had resistances of 4-6 ΜΩ. Membrane 
currents were detected with an EPC-7 patch clamp amplifier (List Electronic). In the cell-
attached configuration, capacitance of the pipette was compensated. In the whole-cell con­
figuration, however, capacative transients of the cell membrane were not cancelled. In some 
experiments membrane potential was determined by switching to the current clamp mode. 
Voltage clamp protocols and data acquisition were performed using CED software in con­
junction with a CED 1401 interface (Cambridge Electronic Design, Cambridge, UK). Data 
were filtered at 5 kHz, sampled at 12.5 kHz, and stored on hard disk for subsequent analy­
sis. 
Theoretical background: Determination of capacitance and membrane conductance was 
performed according to the method described by Lindau and Neher (1988). Figure 1A 
shows the minimal equivalent circuit of the whole cell patch clamp configuration. The cell 
membrane is characterized by the parallel combination of the membrane capacitance C
m
 and 
the membrane conductance G
m
. The access resistance R
a
 of the pipette tip is in series with 
В 
500 
400 
A 300 
с 
<υ 
t 200 
и 
100 -
0 
Ύ 
Vj 10 mV 
R, 
25 
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two cells 
Fig 2 Current response to a voltage 
pulse in N R K cells One cell of a 
cluster of cells was patched in the 
whole-cell configuration and a voltage 
pulse of 10 mV was given Pipette 
capacitance was cancelled and tran­
sients represent capacitive transients of 
the cell membrane 
5 cells 10 cells 
^ 
subconfluent 
< 
α* 
о 
о 
confluent 
~ 20 ms 
C
m
 and G
m
. Figure IB shows the current response to a voltage step delivered through the 
pipette (Vp). From this current response, values for the current at t = 0 (I0), the steady state 
current (I
ss
), and the decay constant of transient (τ) can be obtained. The circuit parameters 
R
a
, G
m
 and C
m
 can be related to the these parameters through the following equations 
(Lindau and Neher, 1988). 
R
a
= Vp/I0 [1] 
G
m
= I
ss
/(Vp-Ra-IJ [2] 
C
m
= x ( ( l / R
a
) + G j [3] 
In this minimal equivalent circuit of the whole cell patch clamp configuration, G
m
 is consid­
ered to be of pure ohmic behavior. Since seal resistances were at least 20 GQ, capacitance 
error will be less than 0.1% (Lindau and Neher, 1988). The area under the transient repre­
sents the total charge accumulated on the membrane (Kado, 1993). Capacitance can be calcu­
lated by dividing the total charge (Q) by the applied voltage. 
Data analysis: Capacitive current transients were obtained by applying a 10 mV voltage 
pulse. Capacitive transients were fit to a single exponential function using Bio-Patch soft­
ware (Bio-Logic, France). The first three or four data points (about 0.3 ms) were neglected 
because they represent filter artifacts. When clusters of less than 10 cells were used, all tran­
sients could be fit to a single exponential function, and I0, I s s and τ were obtained from this 
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Fig 3 Capacitance as a function of cell number. A. Capacitance was determined after 
calculation of R„ G
m
 and decay constant of capacitive current transients B. The integral 
of current transient was used to determine capacitance. C. Capacitance calculated via the 
integral plotted against capacitance calculated via decay constant (τ), R
a
 and G
m
 Each data 
point represents the value of an individual measurement at the indicated cell number 
fit. By insertion in Eqs. (1-3) R
a
, G
m
, and C
m
 were calculated. By integrating the current 
transient using Bio-Patch software, the accumulated charge Q (Fig. IB) could be determined 
and C
m
 was obtained by dividing Q by V . In subconfluent and confluent cultures, data 
could no longer be fit to a single exponential. In these cases, Ig was determined from a fit 
from the first section of the data, I
s s
 was measured from the raw data, and only R
a
 and G
m 
were calculated. 
RESULTS 
NRK fibroblasts were patched in the whole cell patch clamp configuration and small (10 
mV) voltage pulses were applied. In Fig. 2, the resulting current transient is shown in small 
clusters of cells (up to ten cells), and in subconfluent and confluent cell cultures. In patched 
single cells, the current transient was characterized by a small decay constant and a low 
steady state current (I
ss
). With increasing cluster size, decay constants became larger and also 
I
s s
 increased. Average decay constants were 0.51 ± 0.36 ms for single cells, and 5.31 ± 1.44 
ms for clusters of ten cells. The average I
s s
 values ranged from 1.05 ± 0.36 pA in single cells 
to 11.39 + 4.82 pA in clusters of ten cells. Peak currents represent the access resistance of 
the pipette tip (Eq. 1) and are not related to cluster size. When subconfluent and confluent 
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Fig 4 Membrane conductance as a function of cell number. A Membrane conductance of 
clusters of one to ten cells Data points represent individual measurements В Membrane 
conductance in clusters of 10-30, subconfluent and confluent cells. Errors bars represent 
s e.m. values Membrane conductance is the reciprocal of membrane resistance 
cultures were used, decay constants became even larger and very large steady-state currents 
became apparent. Increasing steady state currents, at equal access resistances, indicate increas­
ing membrane conductance, while increasing decay constants suggest an increasing capaci­
tance. Thus, with increasing cluster size, the current transients indicated that membrane 
conductance and capacitance of the cluster of cells increased. This implied that the cells were 
electrically coupled. 
Since decay constants are related to membrane capacitance, membrane capacitance was 
calculated from the evoked capacitive transients in clusters of up to ten cells. The capaci­
tance was calculated after determination of R
a
, G
m
 and decay constant (Fig. ЗА), and alterna­
tively through integration of the current transient (Fig. 3B), as described in Materials and 
Methods. Single cell capacitance was about 30 pF, while capacitance of a cluster of 10 cells 
was about 300 pF. Figures ЗА and В show that capacitance increased linearly with cell num­
ber indicating electrical coupling. Figure 3C shows that both methods to determine capaci­
tance yielded the same results, indicating that the variation in C
m
 at a specific cell number is 
not the result of variation in the method used to determine C
m
, but represents an actual 
variation in the capacitance of the clusters of cells. This is most likely due to a variation in 
cell size. 
With larger clusters (more than ten cells), decay constants could not be determined any­
more, because the transients could not be fit with a single exponential, probably due to 
space clamp problems. These space clamp problems arise from the fact that the cytoplasm as 
well as the gap junctions have a certain resistance. These resistances cause the voltage to drop 
and after a certain distance, voltage will be zero (Armstrong and Gilly, 1992). Because of 
these space clamp limitations, voltage will no longer be uniformly distributed and the 
monolayer can only be partly voltage-clamped. 
In electrically coupled cells, it is expected that total membrane conductance will also 
increase with cell number. The steady state currents in Fig. 2 already suggested that mem-
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control 1.5 mM halothane washout 
< 
CLl 
Fig 5 The effect of the uncoupler 
halothane on capacitive current tran­
sient in NRK cells A Single, B. 
subconfluent and С Confluent cells 
were treated with 1.5 mM halothane. 
Left control current transients, mid­
dle, after treatment with halothane, 
right after evaporation of halothane 
(about 5 minutes after addition) 
< 
Ou, 
brane conductance increased at increasing cell numbers. Figure 4 shows the membrane con­
ductance as a function of cell number. Membrane conductance was calculated from the ac­
cess resistance and the steady state currents (Eq. 2). From one to ten cells, membrane con­
ductance increased, but variation in G
m
 also increased (Fig. 4A). Membrane resistance of 
single cells was in the GO. range, but resistance of the membrane was only a few ΜΩ in con­
fluent cells. This also showed that cells were electrically coupled. From the average numbers 
in Fig. 4A no clear linear relation could be detected between G
m
 and cell number, in con­
trast to C
m
 and cell number. A linear relation could be obscured by a large variation in G
m 
in single cells, which could result from a variation in channel density. It is also possible that 
channel activity, and thereby membrane conductance, is a function of cell number and in 
that case, there does not have to be a linear relation. When we compared larger clusters of 
cells (10-30 cells) with subconfluent and confluent cells, G
m
 increased dramatically (Fig. 4B). 
This increase suggests that coupling is maintained at high cell densities. Despite space clamp 
problems that probably occurred, the difference between subconfluent and confluent cells 
could be clearly seen. However, the observed membrane conductance will not be the con­
ductance of the whole monolayer, because only part of the monolayer will be voltage-
clamped. 
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We also tested the known gap junctional blockers halothane, heptanol and octanol on 
the ability to block gap junctional communication in NRK cells by determining their effect 
on evoked capacitive transients. Figure 5 shows the effect of exposure of confluent, subcon­
fluent and single cells to halothane (1.5 шМ). Within seconds after addition of halothane to 
the bath, the decay constant and steady-state current of the capacitive transient fell to levels 
similar to that of single cells. This shows that halothane treatment results in complete func­
tional uncoupling of the cells. Figure 5 also shows that after evaporation of halothane, cou­
pling was re-established. Similar results (not shown) were obtained with heptanol (1.5 mM) 
and octanol (1.5 mM). These results show that the electrical communication in NRK cells is 
mediated through gap junctions and that capacitance measurements can be used to study 
modulation of this communication. 
The phorbol ester TPA was used to follow a more physiological approach to modulate 
gap junctions. Activation of protein kinase С by TPA (Murray and Fitzgerald, 1979; Holder 
et al., 1993) has been shown to block gap junctions by a phosphorylation of connexin. Fig­
ure 6A shows the capacitive transients of a cluster of 11 cells after treatment with 100 ng/ml 
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TPA After 5 min of TPA treatment the transient was still the same as in the control, but 
after 10 min the shape of the transient changed First, the area under the curve became 
smaller, indicating a reduced capacitance Second, decay constant became larger After 13 
mm of TPA treatment, both the area under the transient and the decay constant reached 
single cell levels We interpret these data as follows When gap junctions are partially 
blocked, resistance between cells becomes larger Therefore, the decay constant, which is 
equal to the product of the total resistance (R
a
 and 1 / G J and the capacitance, (from Eq 3) 
becomes larger The reduced area under the curve, ι e the accumulated charge, decreases 
because the higher resistance between cells prevents charging of all cells in the cluster When 
the gap junctions are not totally blocked by TPA, the current transient represents the fast 
charging of the patched cell, and the slow charging of the rest of the cluster with much 
larger decay constants The small decay constant at partial TPA block (0 10 ms) was similar 
to the decay constant at maximal TPA block (Oi l ms) Moreover, the capacitance calculated 
from an exponential fit of this fast part of the transient yielded a value comparable to those 
measured in single cells Finally, when the gap junctions are totally blocked, the resistance 
between cells is very high, and only the capacitance of a single cell can be measured 
Figure 6B shows the calculated capacitance of the cluster of 11 cells in response to TPA 
treatment Capacitance fell from a value of 300 pF, characteristic for a cluster of 11 cells, to a 
capacitance of 20 pF, characteristic for a single cell N o stepwise decreases in capacitance 
were observed The figure shows the capacitance calculated from the integrated transient, 
because the data could not be fit with a single exponential when TPA block was not com­
plete Control values and values at complete block calculated through the decay constant 
yielded similar results to those calculated via the integral of the current From the decreased 
C
m
 values, one cannot deduce the number of coupled cells, but the values will only give an 
estimate as to what extent coupling is reduced Membrane potential also dropped (Fig 6B) 
after addition of TPA from an initial value of -70 mV to -5 mV It has been reported that 
transmembrane potential can affect intercellular coupling (Neyton and Trautman, 1985) 
Clearly, membrane depolanzation preceded the decrease in capacitance, and is, therefore, 
not directly related to the change in capacitance We cannot exclude the possibility, how­
ever, that membrane depolarization is a prerequisite for uncoupling 
D I S C U S S I O N 
Several methods have been described to measure gap junctional communication These in­
clude techniques to assay biochemical communication, in which the diffusion of tracer 
molecules was followed, and electrical communication, using voltage clamp techniques 
Biochemical communication may not be a good measure for electrical coupling In several 
instances electrical coupling of cells has been demonstrated in the absence of dye coupling 
(von der Weid and Bény, 1993, Steinberg et al , 1994, Traub et a l , 1994) Also, a reduction 
in gap junctional coupling may abolish transfer of, for instance, fluorescent dyes, but re-
maining electrical coupling may be sufficient to transduce electrical signals (Bnssette et a l , 
1994, Veenstra et al , 1994) Measurements of electrical communication between cells are 
usually performed using double voltage clamp techniques on cell pairs, but these measure-
ments have been hampered by the fact that they are technically difficult and require two 
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patch clamp set-ups The mathematical analysis when clusters of cells are used is complex 
and requires cable analysis (Armstrong and Gilly, 1992) 
Here, we describe a simple single patch clamp technique, that is not limited to cell pairs, 
to study electrical intercellular communication The advantage of the technique presented 
here, is the fact that only one patch clamp electrode is needed to assay electrical communica­
tion, in contrast to the double voltage clamp techniques The capacitance of clusters of cells 
was measured to determine gap junctional coupling Since the membrane acts as a capacitor, 
capacitance is directly related to membrane area and therefore cell size The specific mem­
brane capacitance is about 1 μΐ/cm (Kado, 1993) In NRK cells, capacitance increased line­
arly with cell number, showing that capacitance measurements can be used to assess electri­
cal coupling in these cells When large cells or clusters of cells are voltage clamped, meas­
urements will be limited by the space clamp phenomenon applied voltage via the pipette 
will gradually decrease in space, due to the resistance of the cytosol and the gap junctions 
(Armstrong and Gilly, 1992) The fact that in small clusters of cells, capacitance increased 
linearly with cell number, indicates that gap junctional resistance is so low that in these 
small clusters of cells no space clamp problems occur Space clamp problems will result in a 
non-linear relation between capacitance and membrane area Since N R K cells in culture tend 
to move and spread out, it is hard to find nicely aggregated clusters of more than 15 cells 
Therefore, we could not determine precisely at what cluster size the linear relation between 
cell number and capacitance was lost However, current transients could be fit by a single 
exponential in clusters of 30 cells, indicating no significant space clamp problems 
In subconfluent and confluent cell cultures, current transients could no longer be fit by a 
single exponential In these cases, we used membrane conductance as an indication for cou 
phng In electrically coupled cells membrane conductance of neighboring cells will be meas­
ured We observed an increase in total membrane conductance as a function of cell number 
in N R K cells, indicating electrical coupling of the cells Here, a clear linear relation could 
not be found, in contrast with the capacitance measurements Although capacitance is a 
direct measure of membrane area, membrane conductance is determined by the number and 
the open probability of ion channels in the membrane These parameters can be influenced 
by coupling or cell density and therefore, membrane conductance does not have to be di­
rectly related to cell number in coupled cells 
We also showed that capacitance measurements can be used to measure a reduction in 
gap junctional intercellular communication Gap junctions can be blocked by lipophilic 
agents such as heptanol, octanol or halothane (Burt and Spray, 1989, Takens-Kwak et al , 
1992), and by activation of protein kinase С using TPA (Murray and Fitzgerald, 1979, Yotti 
et a l , 1979, Trosko et al , 1990) Here, we showed that lipophilic agents and TPA inhibit 
intercellular communication in NRK cells, which demonstrates that electrical coupling is 
mediated through gap junctions 
Capacitance measurements can show uncoupling in a cluster of cells, although no abso 
lute values of coupling can be obtained Since NRK cells are well coupled, a complete un 
coupling can be easily shown by a capacitance value that is similar to single cells values 
Partial uncoupling of a cluster of cells can mean that some of the cells uncouple from the 
other cells that remain coupled In these cases, a decreased capacitance will be measured, 
namely the capacitance value of the cells that remain electrically coupled to the patched cell 
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In these cases a stepwise decrease in capacitance can be expected Since differences in capaci­
tance of clusters of cells of different cell number could be determined (Fig 3), it should be 
possible to measure a stepwise decrease in capacitance resulting from the uncoupling of cer­
tain cells in a cluster of cells However, in our experiments stepwise decreases were never 
seen 
A partial uncoupling will also be seen, when the gap junctional conductances of all the 
cells is reduced A decrease in gap junctional conductance will results in a larger decay con­
stant (see Eq 3) This will lead to a lower measured C
m
, except when this conductance de­
crease does not prevent complete charging of the cluster of cells However, also a decrease in 
G
m
 will cause a larger decay constant (Eq. 3), but in these cases capacitance will always stay 
the same In our experiments, partial uncoupling by TPA resulted in a larger decay constant 
(Fig 6), together with a decrease in capacitance Calculated capacitance would not have been 
decreased if TPA decreased G
m
, but we cannot exclude the possibility that the increased 
decay constant is partly due to a decreased G
m
 In conclusion, capacitance measurements can 
give qualitative information about modulation of coupling, but no absolute values of un­
coupling can be obtained 
NRK cells have been shown to be coupled electrically using microelectrodes and bio­
chemically using dye microinjection (Maldonado et al , 1988), dye transfer with a preloading 
technique (Goldberg et al , 1995) or fluorescence activated cell sorting (Kiang et al , 1994) 
Measurement of biochemical coupling appears to depend on the dye used, because in some 
experiments only a limited coupling was observed in NRK cells (Van Zoelen and Tertoolen, 
1991) However, these conflicting data on gap junctional coupling of N R K cells might be 
related to possible differences in growth state of the cells used in these studies Recently 
namely, a cell-state dependent modulation of gap junctional communication in N R K cells 
has been reported (Paulson et al , 1994) 
Capacitance measurements may provide a useful tool to study modulation of electrical 
intercellular communication in NRK cells It has been shown that growth factors like epi­
dermal growth factor and platelet-derived growth factor inhibited gap junctional communi­
cation in N R K cells (Maldonado et al , 1988) Intracellular p H , phosphorylation and the 
intracellular calcium concentration can affect intercellular coupling in cells (Holder et al , 
1993) We are currently investigating how these components of mitogenic/transforming 
pathways may modulate gap junctional communication in NRK fibroblasts 
Our observation that capacitance of small clusters of N R K cells increased linearly with 
cell number showed that, electrically, small clusters of cells behave like a functional syn-
citium In larger clusters and subconfluent and confluent cells, capacitance could not be 
determined quantitatively anymore, but large capacitive transients together with high mem­
brane conductances suggested that many, if not all, cells in a monolayer were coupled 
Strong electrical coupling implicates that the membrane of the whole monolayer of cells is 
isopotential This has also been shown in cultured guinea-pig coronary endothelial cells 
(Daut et al , 1988) Like N R K cells, monolayers of these cells were also characterized by low 
input resistances In strongly coupled cells, measurement of membrane potential in mono­
layers will actually represent the average membrane potential of many cells In coupled cells, 
de- or hyperpolanzations of the membrane will be also uniformly distributed We recently 
showed that agonists, such as bradykimn and prostaglandin Έ2α depolarize N R K cells (de 
21 
Chapter 2 
Roos et al, submitted, Chapter 4) A function of electrical coupling between NRK cells may 
be the transduction of de- or hyperpolanzations and changes in gap junctional coupling may 
affect this transduction Moreover, membrane potential is much more stable in subconfluent 
and confluent cells than in small clusters of cells (Chapter 3) Therefore, another function of 
electrical coupling might be stabilization of the membrane potential 
In conclusion, capacitance measurements using the single whole cell patch clamp tech-
nique provide a useful tool to determine intercellular electrical coupling in clusters of cells 
Since NRK cells are electrically well coupled, they provide an excellent model system to 
study control of intercellular communication 
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Fenamates Block Intercellular Communication and Destabilize 
Membrane Potential in NRK Fibroblasts 
Albert D G de Roos, Dimitn Lambrou, Laura H de Haan, Abraham Brou­
wer, Everardus J J van Zoelen, and Alexander Ρ R Theuvenet 
ABSTRACT 
The effect of cell coupling on membrane potential stabilization was investi­
gated in electrically coupled monolayers of normal rat kidney (NRK) fibro­
blasts N R K fibroblasts grown to confluence exhibited stable membrane po­
tentials of around -70 mV, whereas cells that were grown to a lower cell den­
sity (subconfluent cultures) showed membrane potential that were less stable 
in time Typically, the membrane potential of single, isolated cells was highly 
unstable in time and varied greatly between cells, with values ranging from -10 
to -85 mV These results indicate that the membrane potential in NRK fibro­
blasts is stabilized by intercellular coupling Here, we report that the 
fenamates flufenamic acid and meclofenamic acid destabilized membrane po­
tential By means of capacitance measurements and fluorescent dye transfer 
experiments, it is shown that these fenamates rapidly and reversibly blocked 
intercellular communication in N R K fibroblasts Half maximal inhibition was 
reached at a concentration of 30-70 μΜ, while concentrations of 100-250 μΜ 
produced complete inhibition of gap junctional intercellular communication 
Other fenamates and analogues had similar affects This novel class of blockers 
of gap junctions may provide important tools in the study on the role of in­
tercellular communication in biological processes 
I N T R O D U C T I O N 
Intercellular communication via gap junctions plays an important role in the coordination 
of various biological processes Gap junctions allow the transfer of molecules up to 1 kDa 
This communication by diffusion of second messengers and other small molecules may play 
a role in embryonic development, cell proliferation, secretion and the synchronous behav­
iour of cells (reviewed in Bruzzone et al , 1996) Besides diffusion of small molecules, gap 
junctions also allow electrical coupling, in which gap junctions mediate the rapid spread of 
electrical events, allowing coupled cells to act like an electrical syncytium In addition, elec­
trical coupling gives the opportunity for cells to effectively share each others plasma mem­
brane ion channels, causing clusters of cells to behave differently than single cells (Sherman 
et al , 1988, Sherman and Rinzel, 1991) 
Electrical communication forms the basis for synchronous electrical activity between 
excitable cells and, for example, has been shown to be essential in the propagation of the 
cardiac action potential (Gros and Jongsma, 1996), contraction of smooth muscle (DeMello, 
1994), and the coordination of hormone secretion in the pancreas (Loesberg Stauffer et al , 
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1993) Electrical conductance between cells may also determine occurrence, shape and fre­
quency of action potentials (Wilders et al , 1996, Sherman and Rinzel, 1991) Although 
many non-excitable cells are also coupled via gap junctions, the function of electrical com­
munication by non-excitable cells is less clear (Goodenough and Musil, 1993) 
Gap junctional communication can be regulated by several factors, such as intracellular 
calcium, intracellular pH and phosphorylation on tyrosine and serine/threonine residues 
(Spray and Bennett, 1985, Bruzzone et al, 1996) Also, several lipophilic substances and sec­
ond messengers, such as octanol, heptanol, halothane, arachidonic acid and anandamide have 
been shown to inhibit gap junctional intercellular communication (Burt and Spray, 1992, 
Takens-Kwak et al, 1992, Bruzzone et al , 1996), but most of these substances are not very 
specific and are also known to affect various membrane conductances Therefore, new gap 
junctional blockers may be of great importance for determining the role of gap junctions in 
excitable and non-excitable cells (Goodenough and Musil, 1993) 
In this study, the role of electrical communication in membrane potential stabilization 
was investigated in normal rat kidney (NRK) fibroblasts In contrast to confluent cells, 
membrane potential in subconfluent and single cells was unstable in time Membrane poten­
tial destabilization was used as a tool to investigate the ability of drugs to block gap junc­
tions It was found that fenamates reversibly destabilized membrane potential and blocked 
gap junctional communication 
MATERIALS AND METHODS 
NRK cells (clone 49F), were seeded at a density 1 0 10 cells/cm and grown in bicarbonate-
buffered Dulbecco's modified Eagle's medium (DMEM, HyClone Laboratories, Logan, Ut , 
USA) supplemented with 10% newborn calf serum as previously described (van Zoelen et 
al, 1988) Single cells, subconfluent and confluent cell cultures were used for patch clamp 
studies Cultures were called subconfluent when 30-50% of the culture dish was covered 
with cells When comparing membrane potentials of cells at various cell densities, the se-
rum-containing medium was replaced directly before the experiments with serum-free DF 
medium (DMEM/Ham's F12, 1 1) For all other experiments, confluent cultures were first 
made quiescent by a subsequent incubation in serum-free DF medium supplemented with 30 
nM Na2Se03 and 10 /xg/ml human transferrin for subsequent one to three days 
For patch clamp experiments, cells were incubated in bicarbonate-buffered DF-medium, 
equilibrated with 5% C 0 2 to a pH of 7 4 Whole cell patch clamp methods and capacitance 
measurements were carried out as previously described (de Roos et al , 1996) Pipettes were 
filled with a solution containing (in mM) 25 NaCl, 120 KCl, 1 CaCl2, 1 MgCl,, 10 Tris, 3 5 
EGTA (pH 7 4) and had resistances of 4-6 ΜΩ For perforated patch clamp measurements, 
120 μg/ml amphotencine В was included in the pipette medium, and access resistances of 
less than 20 ΜΩ were usually reached within 10 minutes after making a seal Membrane po­
tential and capacitative currents were detected with an EPC-7 patch clamp amplifier (List 
Electronic Darmstadt, Germany) BAPTA loading of the cells was achieved by incubating 
the cells for 30 min in 50 μΜ BAPTA-AM (Molecular Probes, Eugene, Or ), after which the 
cells were incubated in DF medium for 10 mm and subsequently used for patch clamp ex­
periments 
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Dye coupling was determined after microinjection of a 10% Lucifer Yellow solution in 
0.33 M lithium chloride in a single cell of the monolayer by means of a glass capillary lip 
with the use of a vertical microinjection system (Olympus IMT-2, Japan) as described by de 
Haan et al. (1994). At least 20 cells per dish were injected. Only trials in which a sufficient 
amount of dye was injected, that could cause substantial dye transfer, were taken into ac­
count (usually 5 out of 20 injections). The number of fluorescent cells was counted 10 min 
after injection. 
For ratio fluorimetrie measurements of intracellular Ca +, cells on glass coverslips were 
loaded with 2 μΜ Fura-2AM (Molecular Probes) for 30 min and washed for 20 min, as pre­
viously described (de Roos et al., 1997). Excitation wavelengths were 340 and 380 nm, while 
emission was monitored at 492 nm. Dynamic video imaging was carried out using the 
MagiCal hardware and Tardis software of Joyce Loebl (Tyne and Wear, UK). For ratio 
fluorimetrie intracellular pH measurements, the same protocol as for the Ca + measure­
ments was followed, except that the cells were loaded with 500 nM BCECF-AM. In this case 
excitation wavelenghts were 440 and 490 nm, and emission was detected at 515 nM. 
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RESULTS 
Membrane potential measurements were performed using the current-clamp mode of the 
whole-cell patch clamp technique in N R K fibroblasts cultured at different cell densities. 
Since NRK fibroblasts are electrically well coupled (Maldonado et al., 1988; de Roos et al., 
1996), membrane potential measurements of coupled cells will represent an average of many 
cells in the culture. Confluent monolayers of NRK cells showed membrane potentials that 
were stable in time with little variation between cultures, with an average of -65 mV (Fig. 
1A and 2A). When cells were cultured to a lower cell density in a way that they covered 30-
50% of the petri dish (subconfluent cells), membrane potential of these subconfluent cul­
tures became less stable in time, but the membrane potentials showed also considerable 
variation between cultures, reaching from -15 to -70 mV (Fig. IB and 2B). Isolated, single 
cells showed a large variation in membrane potentials as well, varying from -5 to -70 mV, 
but membrane potential itself was characteristically unstable in time (Fig. 1С and 2C). 
Membrane destabilization as a result from wash-out of cellular constituents in the whole cell 
patch clamp configuration was ruled out by the fact that similar results were obtained using 
the perforated patch clamp configuration (not shown). The above results show, therefore, 
that membrane potential is intrinsically less stable in time in single cells than in confluent 
and subconfluent cells. In the electrically well-coupled confluent cells, instability of the 
membrane potential could be induced by fenamates, such as flufenamic acid (not shown) 
and meclofenamic acid (Fig. 3), both blockers of calcium-activated chloride channels (White 
and Aylwin, 1990). This unstable membrane potential was similar to the characteristic be­
havior of single cells (cf. Fig. 1С), and may therefore indicate cell uncoupling. 
Capacitance measurements were used to investigate the intercellular coupling after 
fenamate treatment. In an electrically well-coupled monolayer, application of a short voltage 
pulse evokes a characteristic capacitative transient that is determined by the large capacitance 
and total membrane conductance of the monolayer (control; Fig. 4A; de Roos et al., 1996). 
After treatment with 250 μΜ meclofenamic acid (MFA), the capacitative transient was 
greatly reduced. From this transient, a capacitance could be calculated which was 28.5 + 2.5 
pF (mean ± s.e.m.; η = 8), which is comparable to single cell levels (de Roos et al., 1996). 
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2 min Fig. 3 Effect of meclofenamic acid on 
membrane potential in confluent 
NRK cells. Membrane potential of 
confluent monolayers after treatment 
with 100 μΜ meclofenamic acid 
Membrane potential of the cultures 
before treatment was -60 to -70 mV 
(cf Fig 1A) Typical traces of mem­
brane potential in different cell cul­
tures are shown. 
The transient could be fitted by a single exponential, indicating complete block of intercel­
lular communication, since more than one exponential is needed to fit the transient at par­
tial block of intercellular communication (de Roos et al., 1996). The effect of meclofenamic 
acid was reversible (Fig. 4A), with recovery times varying from approximately 5 min to 
more than 30 min. Figure 4B shows that a partial block by meclofenamic acid occured 
within seconds after application of meclofenamic acid (MFA) to the bath and that complete 
block was reached within minutes. Similar results were obtained with other fenamates and 
analogues such as flufenamic acid, niflumic acid and tolfenamic acid (not shown). These re­
sults show that fenamates can rapidly, but reversibly block gap junctional intercellular 
communication in fibroblasts. 
Since capacitance measurements can not be used to quantify reductions in intercellular 
communication, we used fluorescence dye transfer of Lucifer Yellow to determine the effect 
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Fig 4 The effect of meclofenamic acid on capacitance measurements in NRJÍ fibroblasts 
A Resulting current transients following a short voltage pulse (10 mV) in control cul-
tures, in cultures treated with 250 μΜ meclofenamic acid (MFA), and after washout of 
MFA В Current transients after 5 and 90 s of treatment with 250 μΜ MFA The slightly 
reduced peak current at 90 s is due to a decreased access resistance of the pipette 
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Phase-Contrast Lucifer Yellow Fluorescence 
Fig. 5 Dye coupling in NRK fibroblasts. Lucifer Yellow was injected in one single cell of 
the monolayer and intercellular diffusion of the dye was monitored 10 to 15 mm after 
injection. Upper panels: Phase-contrast and Lucifer Yellow fluorescence in control cells, 
and lower panels, after treatments with 100 μΜ meclofenamic acid (MFA) for 5 min. 
Arrows indicate the injected cell. 
of flufenamic acid and meclofenamic acid on intercellular coupling. In this assay, Lucifer 
Yellow is microinjected into a single cell in a monolayer, and after 10 minutes, the number 
of cells to which dye tranfer has occurred is used as a measure for gap junctional intercellular 
communication. Measurement of coupling with fluorescent dyes appears to depend on the 
dye used, because in some experiments only a limited coupling was observed in NRK cells 
(Van Zoelen and Tertoolen, 1988). However, Fig. 5 shows that in NRK cells using Lucifer 
Yellow as a fluorescent dye, this probe diffuses to a large number of cells, demonstrating 
extensive dye coupling of NRK cells. Dye transfer was completely blocked after treatment 
with 100 μΜ meclofenamic acid (Fig. 5). The block of intercellular communication by me­
clofenamic acid and flufenamic acid is quantitated in Fig. 6 and shows a half-maximal inhibi­
tion at 25 and 60 μΜ, respectively. 
Block of gap junctional intercellular communication can be caused by, for instance, in­
creased intracellular calcium concentration and a decreased intracellular pH (Bruzzone et al., 
1996) and it was investigated, using capacitance measurements, whether fenamates could 
block gap junctions indirectly by increasing intracellular calcium or by decreasing the pH of 
the cell. Although 250 μΜ meclofenamic acid caused a small increase in the intracellular cal­
cium concentration, inhibition of gap junctional intercellular communication could not be 
mimicked by the potent calcium releasing agent (de Roos et al., 1997) bradykinin (not 
shown). Also, buffering intracellular calcium by loading the cells with 50 μΜ В APT A, 
which totally prevents the increase in intracellular calcium by bradykinin (de Roos et al., 
1997), did not affect the block of intercellular communication by meclofenamic acid (results 
not shown). An effect on intracellular pH was ruled out by the fact that meclofenamic acid 
(250 μΜ) did not affect intracellular pH, as measured by BCECF fluorescence measurements 
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Fig 6 Block of intercellular communi­
cation by fenamates. Number of dye-
coupled cells as a function of the con­
centration of meclofenamic acid 
(MFA) and flufenamic acid (FFA). 
Number of dye-coupled cells was 
determined 10 to 15 mm after dye 
injection into a single cell. Data repre­
sent mean ± s e.m (n-4; control 
n-10). 
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(not shown). These data show that the block of intercellular communication by fenamates is 
not due to an effect of physiological regulators of gap junctions, such as intracellular calcium 
or pH. 
DISCUSSION 
Membrane potential stabilization by electrical coupling 
The role of intercellular coupling in the stabilization of membrane potential was investi­
gated in NRK fibroblasts. In a recent study (de Roos et al., 1996) and this study, we showed 
that NRK fibroblasts are electrically well-coupled. Electrical contacts between coupled cells 
may stabilize the membrane potential and keep the cells isopotential (Sherman et al., 1988; 
Atwater et al., 1983). In this way, electrical coupling can cause fluctuations in membrane 
potential in single cells to be averaged, a mechanism which is known as the channel-sharing 
hypothesis (Atwater et al., 1983; Sherman et al., 1988), and predicts that current fluctuations 
within in a cell will be reduced due to current spread to neighboring cells. In this study, it 
was found that membrane potential was more stable when cells were electrically coupled 
with each other, whereas in single cells, membrane potential was unstable as a function of 
time, showing that membrane stabilization is a function of cell density. This is in agreement 
with the channel-sharing hypothesis. 
The observed unstable membrane potentials in single cells may be caused by fluctuations 
in channel activity (Atwater et al., 1983; Sherman et al., 1988; Marom et al., 1996). Since 
single fibroblasts have a relatively high membrane resistance (in the order of tens of GQ; de 
Roos et al., 1996), and the membrane potential is mainly determined by a potassium con­
ductance, opening and closing of single potassium channels may directly affect membrane 
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potential. This effect can be abolished in confluent monolayers of cells, due to electrical 
coupling which may average membrane potentials of large numbers of cells. 
Since fibroblasts have been shown to be coupled to each other in vivo (Komuro, 1990) 
and can be coupled to other cells (Rook et al., 1992; Oliani et al, 1995), electrical coupling 
may also be responsible in vivo for stabilization of membrane potential. It has recently been 
shown that agonists of G-protein coupled receptors, such as lysophosphatidic acid, prosta-
glandin F2a and bradykinin depolarize fibroblasts from a membrane potential of -70 mV to 
-20 mV (Postma, 1996; de Roos et al., 1997). This role in signaling requires a stable mem-
brane potential and it is proposed that electrical coupling serves to accomplish such a stable 
membrane potential. 
Block of intercellular communication byfenamates 
Known blockers of gap junctions, such as halothane, heptanol and octanol have also pro-
nounced effects on other membrane proteins (Niggli et al, 1989; Forman et al., 1985; Esk-
inder et al., 1995). In NRK cells, block of intercellular communication by halothane and 
heptanol (de Roos et al., 1996) caused a destabilization of the membrane potential, but these 
substances also depolarized the cells (not shown), probably due to aspecific effects on ion 
conductances. More specific blockers to modulate gap junctions would be very useful to 
study the role of intercellular communication in biological processes. In this study, mem-
brane potential destabilization upon loss of cell coupling indicated inhibition of gap junc-
tional intercellular communication. We showed that fenamates such as meclofenamic acid 
and flufenamic acid rapidly and reversibly blocked intercellular communication. 
Fenamates may be an important new tool in research on the function of gap junctions 
and intercellular communication. Although the effect of fenamates on other membrane pro-
teins is unknown, it has been shown that action potentials can still be generated in the pres-
ence of these drugs (Korn et al., 1991; Morales et al., 1993), indicating that fenamates can be 
used to study the relation between for instance action potential generation and intercellular 
communication. However, the effects of fenamates are not limited to a block of intercellular 
communication. Flufenamic acids have shown to have a variety of other effects on cells. 
Meclofenamic acid, flufenamic acid and mefenamic acid are used as nonsteroidal anti-
inflammatory drugs by their ability to inhibit cyclooxygenase (Brogden, 1986). Also, 
fenamates can block calcium-activated chloride channels (White and Aylwin, 1990), non-
selective cation channels (Gögelein et al., 1990) and can activate potassium channels 
(Farrugia et al., 1993). In NRK cells fenamates block calcium-activated chloride channels (de 
Roos et al., 1997) and increased steady state currents in cells treated with fenamates may 
indicate an activation of potassium channels (cf. Fig. 4). However, structure-activity studies 
of fenamates and analogues, of which many are commercially available, may lead to more 
specific blockers of intercellular communication. 
Gap junctional communication can be regulated by intracellular calcium and pH 
(Bruzzone et al., 1996). The block of intercellular communication by fenamates was not 
caused by an increase in intracellular calcium or a decrease of intracellular pH (not shown). 
A role for protein kinase С (PKC) in the action of fenamates was excluded by the fact that 
in PKC downregulated cells, in which the phorbol ester TPA was not able anymore to 
block intercellular communication (de Roos et al., 1996), fenamates were still able to reduce 
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intercellular communication (de Roos et al , unpublished), arguing against a role of PKC in 
the effect of meclofenamic acid Although other second messenger pathways cannot be ex-
cluded, the rapid decrease (within seconds) of gap junctional intercellular communication by 
fenamates suggests that the action of fenamates results from a direct interaction of the 
fenamates with the gap junction protein or indirectly through an effect of fenamates on 
membrane fluidity The latter mechanism has been suggested to be responsible for the block 
by halothane, heptanol and other lipophilic molecules (Takens-Kwak et al , 1992) and since 
fenamates are lipophilic molecules as well, their mechanism of action may be similar A 
chemical modification of the lipophilicity of the fenamates, followed by a comparison in 
respect to the effect on block of gap junctions of these modified fenamates may resolve this 
question Preliminary results indicate that a broad range of fenamate analogues can influence 
gap junctional intercellular communication (de Roos et al , unpublished) and may therefore 
be useful to study a possible relation between hydrophobicity of these compounds and the 
effect on gap junctional communication 
In conclusion, we show that the membrane potential of NRK fibroblasts is stabilized by 
gap junctional intercellular communication Destabilization of the membrane potential of 
confluent monolayers of NRK cells can be used as a tool to assay inhibition of intercellular 
communication and we report the discovery of fenamates as a novel class of gap junction 
blockers 
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Membrane Depolarization in NRK Fibroblasts by Bradykinin Is 
Mediated by a Calcium-Dependent Chloride Conductance 
Albert D G de Roos, Everardus J J van Zoelen, and Alexander Ρ R Theuvenet 
ABSTRACT 
The effects of the phosphoinositide-mobilizing agonist bradykimn (BK) on 
membrane potential and intracellular calcium in monolayers of normal rat 
kidney (NRK) fibroblasts were investigated BK induced a rapid transient de­
polarization in these cells, which was mimicked by other phosphoinositide-
mobilizing factors like prostaglandin F 2 a (PGF2a), lysophosphatidic acid 
(LPA), platelet-derived growth factor (PDGF-BB) and serum Depolarization 
by BK was independent of extracellular Ca + or Na+ It was shown using ex­
tracellular Cl substitutions that the depolarization was caused by an increased 
Cl conductance Depolarization was inhibited by 5-nitro-2-3-phenylpropyl-
(amino)benzoic acid (NPPB), niflumic acid and flufenamic acid, inhibitors of 
calcium-dependent chloride channels The depolarization provoked by BK 
could be mimicked by raising intracellular calcium with ïonomycin or thapsi-
gargin and could be blocked with geneticin, a blocker of phospholipase С 
When intracellular calcium was buffered by loading the cells with BAPTA, 
depolarization was prevented We conclude that in NRK fibroblasts extracellu­
lar stimuli that increase intracellular calcium, depolarize the cells via the acti­
vation of a calcium-dependent chloride conductance In addition to an increase 
in intracellular calcium, depolarization may be an important effector pathway 
in response to extracellular stimuli in fibroblasts It is hypothesized that, in 
electrically coupled cells like NRK fibroblasts, intercellular transmission of 
these depolarizations may represent a mechanism to coordinate uniform mul­
ticellular responses to Ca +-mobihzing agonists 
INTRODUCTION 
The phosphoinositide-mobilizing agonist bradykimn (BK) is a peptide exerting a wide vari­
ety of pharmacological and physiological activities in different cell types The receptors of 
BK belong to the class of G-protein-coupled receptors possessing seven membrane-spanning 
domains which, upon binding of their ligand, activate among others phospholipase С with 
consequent Ca +-mobilization from internal stores by released inositolphosphates and acti­
vation of protein kinase С by diacylglycerol 
Biological effects caused by BK include vasodilatation, altered ion transport, induction of 
inflammatory processes, smooth muscle contraction, and modulation of cell proliferation 
(Roberts, 1989) Many of these processes are mimicked by other phosphoinositide-
mobilizing agents like prostaglandin F 2 a (PGF2a, Negishi et al , 1993, Watanabe et al , 1995) 
BK has also been shown to inhibit the loss of density-dependent growth inhibition by trans­
forming growth factor β (TGFß) or retinole acid in NRK fibroblasts (Van Zoelen et al , 
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1994). This effect of BK is not mimicked by PGF2o and is mediated by a so far unknown 
second messenger, probably a prostaglandin derivative (Afink et al., 1994; Lahaye et a l , 
1994). 
Apart from calcium release and PKC activation, BK has been shown to induce arachi-
donic acid release (van Corven et al., 1989; Afink et al., 1994), prostaglandin synthesis 
(Regoli and Barabe, 1980), and tyrosine phosphorylation (Coûtant et al., 1995). BK has also 
been shown to have several effects on ion conductances and membrane potential, depending 
on the cell type (Clarke et al., 1992; Higashida and Brown, 1986; Pavenstädt et al., 1993; 
Mehrke and Daut, 1990; Fasolato et al., 1988). Although fibroblasts express receptors for 
many extracellular stimuli, including bradykinin (BK), that increase intracellular calcium by 
a release of inositolphosphates (Van Corven et al., 1989; Afink et al., 1994, van Zoelen et al., 
1994; Postma et al., 1996), little is known about the electrophysiological effects of these 
agonists in these cells. 
To gain more insight in the electrophysiological phenomena caused by BK and PGF2lI in 
fibroblasts, we studied their effects on both membrane potential and intracellular calcium in 
monolayers of normal rat kidney cells that are known to express receptors for both agonists 
(Afink et ah, 1994). BK, PGF 2 a and other phosphoinositide-mobilizing agonists induced a 
rapid, transient depolarization, concomitant with a rise in intracellular calcium. We show 
that this depolarization results from the activation of a calcium-activated chloride conduc-
tance. Membrane depolarization in response to an increase in intracellular calcium could be 
an important effector pathway in the signaling of calcium-mobilizing agonists in fibroblasts. 
MATERIALS A N D M E T H O D S 
Cell culture: NRK fibroblasts (clone 49F) were seeded at a density of 1.0-10 cells/cm , 
and grown to confluence in Dulbecco's modified Eagle's Medium, supplemented with 10% 
newborn calf serum. Confluent cells were made quiescent by a subsequent one to three days 
incubation in serum-free DF medium (DMEM/Ham's F12, 1:1; Gibco, Life Technologies, 
Paisley, UK) supplemented with 30 nM Na2Se03 and 10 Mg/ml human transferrin. When 
density-arrested cells were used, confluent serum-free cultures were treated for an additional 
48 hours with 5 ng/ml EGF (Collaborative Biomedical Products, Bedford, USA) and 5 
^g/ml insulin (Sigma, St. Louis, MO), as described previously (van Zoelen et al., 1988). 
Voltage and current clamp measurements: For whole cell patch clamp studies, cells were 
perfused at a rate of 1-2 ml per minute with serum-free DF medium (5% CO,) at room tem-
perature. DF-medium is a cell culture medium which contains as main inorganic salts (in 
mM): 109.5 NaCl, 5.4 KCl, 1.8 CaCl,, 0.81 MgCl2, 44.0 N a H C O j , 1.0 N a H 2 P 0 4 , and is 
supplemented with essential nutrients such as glucose, amino acids and vitamins for optimal 
cell growth. Convential whole cell patch clamp methods were used. Pipettes were filled with 
a high K+, Tris-buffered solution (in mM: 25 NaCl, 120 KCl, 1 CaCl,, 1 MgCl2, 10 Tris, 3.5 
EGTA, p H 7.4). An EPC-7 patch clamp amplifier (List, Darmstadt, Germany) and CED 
software (Cambridge Electronic Design Limited, Cambridge, UK) were used to acquire data. 
Acquisition was obtained at a rate of 50 Hz in both the current clamp and voltage clamp 
measurements and digitally filtered at 10 Hz. In ion substitution experiments, DF-medium 
was made from scratch, and sodium or potassium was replaced by N-methyl-D-glucamine 
and chloride was replaced by gluconate. In calcium-free experiments, calcium chloride was 
34 
Membrane Depolarization in NRK Fibroblasts 
omitted from the medium and 1 mM EGTA was added Normal DF medium contains 127 
mMCl 
Intracellular calcium measurements For calcium measurements, cells were seeded on gela 
tin coated glass covershps and cultured as described above Quiescent monolayers were 
loaded with 2 μΜ Fura-2AM with 0 01% pluronic acid for 30 minutes at room temperature, 
washed for 15-30 minutes in serum-free medium, and then placed in a modified Leiden per­
fusion chamber For loading the cells with BAPTA-AM the same protocol was used as for 
Fura-2AM Cells were perfused with DF medium at a rate of 1 ml/min at room tempera­
ture Excitation wavelengths was 340 nm, while emission was detected at 510 nm Fluores­
cence was detected using a photon counting microspectrofluonmetnc system (Newcastle 
Photometric System Ltd, Newcastle, UK) In combined patch clamp and calcium measure­
ments this photometric system was combined with an EPC-9 patch clamp setup which was 
not basically different from the patch clamp setup described above 
Chemicals PGF2cl, indomethacin, forskohn, thapsigargin, pertussis toxin, niflumic acid, 
flufenamic acid, ìonophore A23187, melittin, arachidonic acid and ìonomycin were from 
Sigma, geneticin, 12-0-tetradecanoylphorbol-13-acetate (TPA), BK, geneticin, and genistein 
were from Boehnnger (Mannheim, Germany), 5-nitro-2-3-phenylpropyl(amino)benzoic acid 
(NPPB) and diphenylamine-2-carboxylic acid (DPC) were from RBI (Natick, MA), while 
4,4'-dimtrostilbene-2,2'-disulfonic acid (DNDS), BAPTA-AM and Fura-2AM were from 
Molecular Probes (Eugene, OR) Arachidonic acid was from Sigma, and was 1000 times 
diluted in DF-medium from a stock solution of 1 mg/ml in ethanol prior to use PDGF-BB 
was from Genzyme (Cambridge, MA), while TGFß was purified from human platelets as 
described (Van den Eijnden-Van Raaij et al, 1988) 
RESULTS 
Bradykinin depolarizes NRK fibroblasts The effect of BK on membrane potential was investi-
gated using the current clamp mode of the whole cell patch clamp technique Figure 1A 
shows that BK (100 nM) caused a rapid depolarization of the membrane in serum-deprived 
quiescent NRK cells The depolarization slowly recovered and typically lasted up to 5-10 
minutes This effect could be mimicked by PGF2a (Fig 1A) Depolarization occurred within 
30 s after BK was perfused to the bath and membrane potential dropped from an initial 
value of 71 2 + 3 4 mV (mean ± s d , η = 44) to a value of -16 7 + 2 2 mV (n = 15) Depo­
larization induced by PGF 2 a was not significantly (-19 0 + 35 mV, η = 5) different (Fig IB) 
Repolarization was faster when lower (10 nM and less) concentrations of the agonists were 
used Similar results were obtained when density-arrested cells were used (data not shown) 
Addition of other phosphoinositide mobilizing factors like PDGF-BB (10 ng/ml), LPA (5 
μΜ), or serum (2%) also depolarized the cells On the other hand, EGF and TGFß, growth 
factors that do not cause phosphatidyhnositol turnover in NRK fibroblasts (de Roos, Theu-
venet, and van Zoelen, unpublished), did not depolarize the cells Thus, typically agonists 
that share the ability to activate phospholipase С cause a depolarization of NRK fibroblasts 
After washout of either BK or PGF 2 a and repolarization of the cells, a second dose of the 
same agonist did not induce a second depolarization On the other hand, prior exposure to 
BK did not attenuate the response to PGF2aand vice versa (data not shown) This shows that 
the response to BK and PGF 2 a exhibits homologous, but no heterologous desensitization 
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Fig. 1 Effects of BK and PGF 2 a on membrane potential in monolayers of NRK fibro­
blasts. A Typical depolarization in response to 100 nM BK measured in the current clamp 
mode of the whole cell patch clamp configuration. В Depolarization in response to 100 
nM PGF 2 t l Cells were continuously perfused and the agonists were included in the perfu­
sion medium during the indicated time. Each trace is representative of at least ten similar 
experiments 
BK induces a chloride conductance. To determine which inward currents could be respon­
sible for the depolarization by BK, ion substitutions of the perfusion medium were per­
formed. We recently showed that monolayers of NRK cells are electrically well-coupled (de 
Roos et al., 1996). This is demonstrated by the fact that the total membrane conductance 
was in the low ΜΩ range and that changing pipette medium to an extracellular medium had 
no effect on measured membrane potential in monolayers of NRK cells. This shows that 
there was electrical access to the other cells in the monolayer via the patched cell and that an 
average membrane potential over the whole monolayer was measured. We were, therefore, 
limited to changes in the extracellular solution to determine which ions carry the current. 
Lowering the extracellular sodium concentration to 5 mM had no effect on the depolari­
zation, nor on resting membrane potential. Also, five minutes of perfusion with a calcium-
free medium (containing 1.0 mM EGTA with no calcium added) did not affect the depolari­
zation by BK (Fig. 2A). Also, when the concentration of sodium ions was lowered in a cal­
cium-free medium, the depolarization was not affected (not shown), excluding a possible 
contribution of sodium influx through calcium channels to the depolarization when no 
calcium is present. Moreover, Fig. 2B shows that the L-type calcium channel blocker 
felodipine did not affect the depolarization by BK. These results show that an increased 
permeability for sodium or calcium ions is not involved in the depolarization. However, 
lowering the extracellular chloride concentration to 8 mM, and thereby reversing the con­
centration gradient for chloride, had a remarkable effect on the depolarization without a 
change in the resting potential. Figure ЗА shows that, when the medium was changed to a 
low chloride medium after depolarization by BK, the membrane potential shifted to a value 
as high as +20 mV, indicating that the depolarization is mediated by a chloride conductance. 
Moreover, when the cells were first perfused with a low СГ medium (Fig. 3B), the mem­
brane potential changed after the addition of BK from an initial value around -70 mV to 
positive values, according to a positive equilibrium potential for СГ when the concentration 
of extracellular СГ is lower than the intracellular concentration. Under these conditions, BK 
induced also a fast action potential-like spike that preceeded the depolarization. The ability 
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of BK to generate action potentials has been shown to result from the regenerative opening 
of voltage-dependent calcium channels (de Roos et al., Chapter 5). 
Figure 3C shows the response to BK when the membrane was first depolarized by 125 
mM potassium. Bradykinin caused here a change in membrane potential toward an ex­
pected, negative, equilibrium potential for СГ. Addition of BK to cells that were depolarized 
by 125 mM K + in a low СГ medium (Fig. 3D) also shifted the membrane potential to the 
expected, now positive, equilibrium potential for СГ. These effects were all mimicked by 
P G F 2 a . We conclude that the depolarization by both BK and P G F 2 a is caused by an in­
creased chloride conductance. 
Effect of second messenger modulators and channel blockers. BK and PGF 2 ( 1 have been re­
ported to affect various second messenger pathways (van Corven et al., 1989; Afink et al., 
1994). Therefore, we tested several modulators of these pathways. The phorbol ester 12-0-
tetradecanoylphorbol-13-acetate (TPA), an activator of protein kinase С (PKC), transiently 
inhibits electrotonic coupling between NRK cells, but is also able to depolarize the cells (de 
Roos et al., 1996). Cells in which PKC was downregulated by prolonged treatment (24-48 
hours) with 100 ng/ml TP A were used to investigate whether the depolarization by BK and 
P G F 2 a was mediated by PKC. Membrane potential in PKC-downregulated cells was similar 
to control cells and both BK and P G F 2 a were still able to depolarize these PKC-
downregulated cells, while TPA had no effect. This shows that the depolarization by BK 
and P G F 2 a is not mediated by PKC. 
Inhibition of G.-proteins by pertussis toxin (100 ng/ml; three hours preincubation), 
inhibition of tyrosine phosphorylation by genistein (50 μΜ; 10 min. preinc), activation of 
phospholipase A2 by mehttin (8 ¿ig/ml) and inhibition of cyclooxygenase by indomethacin 
(10 μΜ; 60 min. preinc.) failed to block the depolarization process (results not shown). Also, 
depolarization could not be mimicked by forskolin (10 μΜ) or arachidonic acid (1.0 μg/ml). 
We also tested several chloride channel blockers (Greger, 1990; Frizzell and Morris, 1994; 
White and Aylwin, 1993) to identify the chloride channel involved. D P C (250 μΜ), and 
D N D S (100 μΜ) did not block the response (not shown), but NPPB (50 μΜ), flufenamic 
acid and niflumic acid (250 μΜ), all three calcium-activated chloride channel blockers (White 
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Fig 3 Cell membrane potential responses to BK in solutions of varying ionic composition A Effect of changing to 
a solution that contained 8 m M CI after the cells were depolarized with 100 nM BK В Response to BK in a solu­
tion containing 5 m M C I . C. Response to 100 nM BK after the cells were first depolarized with a medium that 
contained 120 mM K* D Effect of BK (100 nM) in a medium with 120 mM K* (high K*) and 8 mM CI (low CI) . 
Similar results were obtained with 100 nM P G F 2 a . Each trace is representative of at least four similar experiments 
and Aylwin, 1990; Greger, 1990), were able to block the depolarization completely (Fig. 
4A). When flufenamic acid or niflumic acid was perfused to the cells after the depolarization 
by BK, the membrane repolarized quickly to resting levels (Fig. 4B), showing that the block 
by niflumic acid and flufenamic acid is fast and that these blockers act directly on the chlo­
ride channel involved. The fact that the depolarization could be prevented and reversed by 
calcium-activated chloride channel blockers suggests a role of calcium. 
Depolarization is calcium-mediated. It is known that BK, but also PGF 2 a, can release cal­
cium from intracellular stores in NRK fibroblasts (Afink et al., 1994; de Roos, unpublished 
observation). To further investigate the possible role of calcium in activation of the chloride 
conductance, we tried to mimic the BK-induced depolarization by increasing intracellular 
calcium using the ionophores ionomycin and ionophore A23187, and the endoplasmic re­
ticulum calcium ATPase inhibitor thapsigargin. It was confirmed by Fura2 fluorescence 
measurements that these agents increased intracellular calcium in NRK cells (data not 
shown). Ionomycin (5 μΜ) induced a depolarization (Fig. 5A) similar to BK and PGF2 o, 
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Fig. 4 Flufenamic acid blocks the depolarization evoked by BK A. The effect of BK (100 
nM) on the membrane potential after perfusion of 250 μΜ flufenamic acid В Flufenamic 
acid (250 μΜ) quickly reverses the depolarization caused by BK Similar results were 
obtained using niflumic acid (250 μΜ) instead of flufenamic acid and PGF2(J (100 nM) 
instead of BK. Each trace is a typical result of at least four similar experiments 
which was also observed by 10 μΜ ionophore A23187 or 1.0 μΜ thapsigargin (data not 
shown). Figure 5A also shows that the depolarization by ionomycin was potentiated by 
lowering extracellular СГ, showing that ionophore activates the same conductive pathway as 
BK and that the depolarization by the relatively high concentration of ionomycin does not 
result from a general permeabilization of the plasma membrane. Figure 5B shows that ge-
neticin (0.5 mg/ml), a blocker of phospholipase С (Rock and Jackowski, 1987), was able to 
block the response to BK, but not that to ionomycin. These findings suggest that the block 
of the response to BK is due to the inhibition of the release of inositolphosphates by ge-
neticin, thereby preventing calcium release from intracellular stores. These results support 
the notion that a rise in cytosolic calcium is sufficient to activate the chloride conductance 
and to depolarize NRK cells. 
To further investigate the role of cytosolic calcium in relation to the depolarization, 
patch clamp measurements were simultaneously performed with spectrofluorimetric meas­
urements of intracellular calcium. Figure 6A shows that the onset of the increase in intracel­
lular calcium (top panel) correlates well with the depolarization (lower panel), indicating that 
these are closely related. A buffering of intracellular calcium was achieved by loading the 
cells with the acetoxymethyl ester of BAPTA (BAPTA-AM). By the action of aspecific es­
terases in the cell, the acetoxymethyl group can be cleaved and the calcium chelator BAPTA 
will be trapped in the cell. Figure 6B and С show the response in intracellular calcium and 
membrane potential to BK and PGF 2 a when the cells were loaded with BAPTA, by incubat­
ing them with 5 and 10 μΜ BAPTA-AM respectively. Figure 6B shows that after loading 
the cells with 5 μΜ BAPTA, both the increase in intracellular calcium and membrane depo­
larization in response to BK were diminished. The cells could still be depolarized by 120 
mM K + (not shown) after loading with BAPTA, indicating that BAPTA does not have an 
aspecific effect on ion conductances. Loading the cells with 10 μΜ BAPTA completely abol­
ished both the depolarization and the increase in intracellular calcium (Fig. 6C). Thus, pre­
vention of an increase in intracellular calcium also prevented the depolarization, showing 
that the depolarization is calcium-dependent. Inhibition of the depolarization, however, by 
niflumic acid did not impair the ability of BK and PGF 2 a to increase intracellular calcium 
(results not shown). 
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Fig 5 Effect of modulation of intracel-
lular calcium on membrane potential 
lonomycin (0 4 μΜ; A) induces a 
depolarization (contro!) that was 
enhanced in 8 mM CI (low Ct) В The 
PLC inhibitor geneticin (0.5 mg/ml) 
blocks the response to 100 nM BK, 
but not that to lonomycin (5 μΜ). 
The cells were preincubated for 30 
min. with geneticin lonomycin and 
BK were added directly to the bath. 
Each trace is a typical result of at least 
four similar experiments 
Taken together, the results show that depolarization of NRK cells by the phosphoinosi-
tide-mobilizing agonists BK and PGF 2 a is the result of activation of a calcium-dependent 
chloride channel. 
DISCUSSION 
The phosphoinositide-mobilizing agent BK has been shown to have a wide range of effects, 
depending on cell type. Short term effects of BK include mobilization of calcium from in­
tracellular stores, activation of PKC, release of arachidonic acid, and tyrosine phosphoryla­
tion (Coûtant et al., 1995; Roberts, 1989). Here, we showed that BK causes a rapid and tran-
sient depolarization in NRK fibroblasts, which was mimicked by PGF2ci (Cole et al., 1988; 
Negishi et al., 1993). We presented evidence that this depolarization is caused by a calcium-
activated chloride current, г) Using ion substitutions, a change in the extracellular CI , but 
not Ca +- or Na+- concentration had an effect on the magnitude of the depolarization, гг) 
Depolarization could be blocked and reversed by the calcium-activated chloride channel 
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Fig 6 Intracellular calcium buffering by BAPTA Intracellular calcium (upper panels) was 
recorded simultaneously with the membrane potential (lower panels) A The calcium and 
membrane potential response in cells that were not loaded with BAPTA В and С The 
responses in cells that were loaded with BAPTA by incubating them with 5 (B) and 10 μΜ 
(С) BAPTA-AM NRK. cells were incubated with indicated concentrations of BAPTA-
AM and Fura-2AM for 30 min as described in Materials and Methods. After a 15 min wash 
a cell was patched in the whole cell configuration to measure the membrane potential, 
while calcium was determined photofluorimetrically. The calcium signal represents the 
average of about 20 cells in the monolayer. Each trace is representative of at least three 
similar experiments 
blockers NPPB, niflumic acid and flufenamic acid, ni) Other phosphoinositide- and calcium-
mobilizing factors like LPA, PDGF-BB, and serum also depolarized the cells. Thapsigargin 
and the calcium ionophores ionomycin and A23187, all three substances that increase intra­
cellular calcium, were able to mimic the depolarization by BK and PGF2ot. Flufenamic acid 
and niflumic acid were able to block this response. Also, inhibition of phospholipase С by 
geneticin blocked the depolarization by BK. iv) The kinetics of depolarization and the in­
crease in intracellular calcium were similar and the BK-induced depolarization was blocked 
when intracellular calcium was buffered with BAPTA. We conclude that the depolarization 
by BK and other phosphoinositide-mobilizing agents like PGF 2 a is the result of the activa­
tion of a calcium-dependent chloride conductance. 
Our results show that an increase in intracellular calcium is sufficient to depolarize NRK 
cells. Growth factors that do no increase intracellular calcium in NRK cells, such as EGF 
that acts via a tyrosine kinase receptor, or TGFß that activates a serine/threonine kinase 
receptor, had no effect on membrane potential in NRK cells. Calcium-mobilizing agonists 
have been shown to induce a variety of electrophysiological effects, depending on the cell 
type. For example, BK has been shown to activate a Na+ and Cl' conductance in human 
nasal epithelium (Clarke et al., 1992) and causes a hyperpolarization followed by a depolari-
zation in neuronal (Higashida and Brown, 1986), epithelial cells (Pavenstädt et al., 1993), 
endothelial (Mehrke and Daut, 1990) and PC12 cells (Fasolato et al., 1988). A hyperpolariza-
tion in these cells is primarily the result of activation of calcium-activated potassium chan-
nels, while a depolarization has been attributed to inhibition of voltage-dependent potas-
41 
Chapter 4 
sium channels (Higashida and Brown, 1986), to a Cl current (Pavenstadt et al, 1993), and to 
a cation influx (Fasolato et al , 1988) Nonselective cation conductances have been impli-
cated in agonist-induced depolarization of fibroblasts by PDGF (Frace and Gargus, 1989) 
Recently, it has been found that LPA depolarizes quiescent Rat-1 fibroblast by activation of 
a Cl conductance This conductance was also closely related to PLC activation, but reported 
to be independent of known second messengers including Ca + (Postma et al , 1996) This 
shows that activation of Cl channels may be a common mechanism by which G-protein 
coupled receptors exert their action in fibroblasts 
Using ion substitutions, we showed that the depolarization evoked by BK was carried by 
chloride ions Assuming that the peak of depolarization (-17 mV) corresponds with the 
equilibrium potential for chloride ions, it follows from the Nernst equation that the intra-
cellular Cl concentration is approximately 65 mM (extracellular 127 mM Cl) This is in 
good agreement with the concentration found in other fibroblasts, which ranges from 70 to 
87 (Lamb and MacKinnon, 1971, Chao et al, 1989, Leeves and McDonald, 1995, Postma et 
al , 1996) This high intracellular Cl' concentration is probably maintained by a Cl / H C 0 3 
exchanger and Na+/K+/2Cl cotransporter (Lin and Gruenstein, 1988, Chao et al, 1989) 
Depolarization by BK and PGF2a was independent of extracellular Ca +, but was abol-
ished by preloading the cells with BAPTA, showing that the activation of the chloride con-
ductance required mobilization of calcium from intracellular stores Whether intracellular 
calcium activates this conductance directly or through a calcium/calmoduhn complex or 
calcium/calmoduhn-dependent kinases, as suggested in the activation of a calcium-dependent 
chloride conductance in epitheha (Frizzell and Morris, 1994), is yet unclear 
NRK cells contain L-type voltage-dependent channels (de Roos et al, unpublished, 
Chapter 5), which is illustrated by the fact that depolarization with KCl induces an increase 
in intracellular calcium, which is blocked by felodipine (not shown) Therefore, it is ex-
pected that the depolarization by BK also activates calcium channels, which may contribute 
to the activation of calcium-dependent chloride channels However, the fact that felodipine 
did not affect the depolarization by BK (Fig 2B), suggests that opening of L-type calcium 
channels does not play a role in the depolarization by BK 
So far, we have not been able to see any activation of chloride channels by patch clamp 
measurements in cell-attached or excised patches This may suggest that the channel density 
is very low or that very low-conductance Cl channels are activated The involvement of 
low-conductance calcium-activated Cl channels has been suggested in HT29 cells (Greger 
and Kunzelmann, 1991) Also, in monolayers of Rat-1 fibroblasts no agonist-induced Cl 
currents could be detected at the single channel level, and it has been hypothesized that the 
Cl channels involved might be localized predominantly at the sites of cell-cell or cell-matrix 
contacts, and are therefore inaccessible to patch clamp electrodes (Postma et al , 1996) This 
might apply to monolayers of NRK fibroblasts as well 
In NRK fibroblasts, the resting membrane potential is close to the expected equilibrium 
potential for potassium ions Therefore, large hyperpolanzations due to opening of calcium-
activated K+ channels as reported in other cells (Higashida and Brown, 1986, Pavenstadt et 
al , 1993, Fasolato et al, 1988) are not likely Even small hyperpolanzations after addition of 
the potent calcium-mobilizing agents BK or PGF2a were never seen in NRK cells This indi-
cates that the activation of K+ channels by a rise in intracellular calcium does not play a role 
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in the modulation of the membrane potential of NRK fibroblasts. It is possible, though, 
that NRK cells possess voltage-dependent K+ channels which may facilitate the depolariza­
tion by СГ channels. However, since the kinetics of depolarization were similar to the in­
creases in intracellular calcium, it is proposed that opening of calcium activated chloride 
channels is the primary cause of the depolarization. 
NRK cells become arrested in their growth at high cell densities (density-arrest) when 
cultured in the presence of EGF as the only growth factor present. Additional TGFß, reti-
nole acid or LPA causes a loss of this density-dependent growth arrest resulting in a pheno-
typic transformation of the cells. It has been shown that BK is able to block this growth 
stimulus-induced phenotypic transformation by a BK-specific receptor-mediated mechanism 
(van Zoelen et al., 1994; Afink et al., 1994). This effect of BK was not mimicked by PGF2a. 
Here, we show that PGF2a transiently depolarizes quiescent NRK cells, as effectively as BK. 
This effect was also observed in density-arrested cells. Therefore, it is unlikely that the block 
of phenotypic transformation of NRK cells by BK is related to the currently observed depo-
larization of the cells. 
Since confluent NRK fibroblasts are electrically well-coupled (de Roos et al., 1996), and 
fibroblasts form cellular communicating networks in vivo (Komuro, 1989; 1990; Hasizume 
et al., 1992), agonist-induced changes in membrane potential may be implicated in intercellu-
lar signaling. Depolarizations evoked in a few cells may be transduced to unstimulated 
neighboring cells, thereby recruiting a greater population of cells to respond in unison to 
local stimuli. In other cells, membrane potential has been shown to be involved in the coor-
dination of biological processes. For instance, synchronous calcium oscillations in pancreatic 
islets (Santos et al., 1991) are mediated by changes in membrane potential. Also, it has been 
shown that electrical coupling between endothelial cells and smooth muscle cells is impli-
cated in the transmission of a hyperpolarization (Bény and Pacicca, 1994), which may be 
involved in vasoconstriction. 
We recently found that BK can generate propagating action potentials in NRK cells. The 
result of these action potentials was an almost synchronous increase in intracellular calcium 
in large numbers of cells (de Roos et al., submitted; Chapter 6). These action potentials were 
generated by the regenerative opening of L-type calcium channels after an initial depolariza-
tion beyond a threshold value by BK. In the experiments described in this paper, a fast ac-
tion potential-like depolarization occasionally preceded the BK-induced depolarization, for 
instance in low chloride media (Fig. 2B), which illustrates this phenomenon. In this way, 
signaling through depolarization by BK, PGF2a and other phosphoinositide-mobilizing 
factors may be an effective way to propagate a signal between cells. We speculate that the 
depolarization evoked by calcium-mobilizing agonists and subsequent transmission to 
neighboring cells represents an important mechanism for fast intercellular transduction of 
locally evoked responses of cells to these agonists. 
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Synchronized Calcium Spiking Resulting From Spontaneous Calcium 
Action Potentials in Monolayers of NRK Fibroblasts 
Albert D G de Roos, Peter H G M Willems, Peter H J Peters, Everardus J J 
van Zoelen, and Alexander Ρ R Theuvenet 
ABSTRACT 
The correlation between the intracellular Ca + concentration ([Ca +],) and 
membrane potential in monolayers of density-arrested normal rat kidney 
(NRK) fibroblasts was investigated Using the fluorescent probe Fura-2, spon­
taneous repetitive spike-like increases in [Ca + ] , ('Ca spikes') were observed 
that were synchronized throughout the entire monolayer C a ' " spikes were 
characterized by a fast upstroke, followed by a plateau phase that could last up 
to two minutes and a fast decay to resting values Ca + spikes disappeared in 
Ca +-free solutions and could be blocked by the L-type Ca + channel antago­
nist felodipine Simultaneous measurements of [Ca + ] , and membrane potential 
showed that the Ca + spikes were paralleled by depolarizations of the plasma 
membrane Using patch clamp measurements, action potential-like depolariza­
tions were seen with similar kinetics as the Ca"+ spikes Cells depolarized 
quickly from a resting value of -60 mV to a value as high as + 20 mV, directly 
followed by a plateau phase around of -15 mV, after which the membrane 
quickly repolanzed Ion substitution experiments showed that the magnitude 
of the initial fast depolarization and the onset of the repolarization were not 
dependent upon the extracellular Cl or N a + concentration The action poten­
tials could be blocked by L type Ca + channel blockers and were dependent 
on extracellular Ca + The plateau phase was predominantly determined by a 
Cl conductance and was dependent on intracellular Ca + The presence of 
voltage-dependent L-type Ca * channels in N R K cells was confirmed by patch 
clamp measurements in single cells It is concluded that monolayers of density-
arrested NRK fibroblasts exhibit spontaneous Ca + action potentials leading to 
synchronized Ca + spiking This excitability of monolayers of fibroblasts may 
represent a novel Ca + signaling pathway in electrically coupled fibroblasts 
I N T R O D U C T I O N 
In electrically inexcitable tissues and cells, Ca + signaling is believed to be regulated via 
lnositoltnsphosphate (IP3) formation, and subsequent Ca + release from intracellular stores, 
followed by Ca + entry from the extracellular medium via store-regulated Ca +-influx chan­
nels (Putney, 1993) Furthermore, in monolayers of such non-excitable cells, it has been 
shown that the regenerative production of lnositoltnsphosphate (IP3) can induce Ca 2 + waves 
that propagate slowly (2-20 μπι/s) from cell to cell thereby providing a way for intercellular 
Ca + signaling in these cells via gap junctions (Sanderson et a l , 1994) Such intercellular 
propagation of Ca + signals can serve to coordinate multicellular responses to local stimuli 
45 
Chapter 5 
In excitable cells, besides the above mechanism, Ca + may enter the cell when voltage-
dependent Ca2 + channels are activated by depolarizations associated with action potentials 
This Ca 2 + signal can be amplified by Ca2 +-induced Ca 2 + release (CICR, McPherson and 
Campbell, 1993), thereby supplying sufficient Ca 2 + for all-or-none responses (Putney, 1993) 
Action potentials are caused in excitable cells by the regenerative opening of voltage-
dependent ion channels The action potential in axon and neuronal cells is caused by the 
regenerative opening of N a + channels (Hille, 1992) In invertebrate and vertebrate muscle 
and in secretory cells, Ca + action potentials can also be generated by, in this case, opening 
of voltage-dependent Ca 2 + channels (Hagiwara and Byerly, 1981) Action potentials can be 
easily transduced to other cells via gap junctions, for which the propagation of the heart 
action potential is a classical example (De Mello, 1994) Also in other cells, transduction of 
action potentials via gap junctions has been shown to be involved in the coordination of 
cellular activities For instance, synchronous Ca + oscillations in pancreatic islets are medi­
ated by action potentials (Santos et a l , 1991) The increase in intracellular Ca + associated 
with action potentials provides a mechanism for long-range and fast coordinated Ca + signal­
ing in excitable cells 
Although considered to be inexcitable cells, it has been reported that fibroblasts, that 
possess voltage-dependent Ca + channels (Chen et a l , 1988, Lovisolo et al , 1988, Peres et a l , 
1988, Baumgarten et al , 1991, Toscas and ViUereal, 1992), but their function in these cells 
has so far been unclear Fibroblasts can also be electrically coupled via gap junctions 
(Salomon et al , 1988, Komuro, 1990, Hashizume et al , 1992, Jester et al , 1995, de Roos et 
a l , 1996) The presence of voltage-dependent Ca + channels and gap junctional intercellular 
communication could in principle enable these cells to generate propagating action poten­
tials, but such a mechanism has never been reported 
In the context of our interest in the molecular mechanisms underlying density-dependent 
growth arrest (Van Zoelen, 1991), we studied some biophysical parameters of density-
arrested cells Here, we report that monolayers of density-arrested N R K fibroblasts exhibit 
repetitive intracellular Ca"+ spikes that are synchronized throughout the entire monolayer 
These spikes are paralleled by membrane potential spikes which result from spontaneously 
generated Ca + action potentials by the opening of voltage-dependent Ca + channels The 
ability of density-arrested fibroblasts to exhibit Ca + action potentials represents a new 
mechanism for synchronized intercellular responses in fibroblasts and may be a mechanism 
underlying density-arrest 
MATERIALS A N D METHODS 
Cell culture N R K fibroblasts (clone 49F) were seeded at a density of 1 0 104 cells/cm2, 
and grown to confluence in Dulbecco's modified Eagle's Medium (DMEM, Gibco, Grand 
Island, NY, USA), supplemented with 10% newborn calf serum (Hyclone, Logan, UT, 
USA) Confluent cells were made quiescent by a subsequent two to three days incubation in 
serum-free D F medium (DMEM, Ham's F12, 1 1) supplemented with 30 nM N a 2 S e 0 3 and 
10 μζ/πλ human transferrin, as described previously (van Zoelen et al , 1988) DF-medium is 
a cell culture medium which contains as main inorganic salts (in mM) 109 5 NaCl, 5 4 KCl, 
1 8 CaCl2, 0 81 MgCU, 44 0 N a H C O j , 1 0 N a H 2 P 0 4 , and is supplemented with essential 
nutrients such as glucose, amino acids and vitamins for optimal cell growth These quiescent 
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cells were grown to density-arrest by an additional 48 hours incubation with 5 ng/ml EGF 
(Collaborative Biomedical Products, Bedford, USA) and 5 μ§/ηι1 insulin (Sigma, St Louis, 
MO, USA) 
Digital image fluorescence microscopy Cells were grown on gelatin-coated glass coverslips 
and loaded with 5 μΜ Fura-2AM (Molecular probes, Eugene, OR, USA) in bicarbonate-
buffered DF medium (pH 7 4) containing 0 01% (w/v) pluromc F127 (Molecular Probes) for 
30 min at room temperature Since the monolayer integrity was lost after prolonged expo­
sure to Hepes- or Tns-buffered solutions, media were bicarbonate-buffered and equilibrated 
with 5% C 0 2 to a pH of 7 4 After loading, the cells were washed with DF medium for 30-
90 min at room temperature The cells were then placed in a perfusion chamber with a vol­
ume of 800 μ\ and were perfused with DF medium of indicated pH during the entire ex­
periment at a rate of 1 ml/min In Ca +-free experiments, CaCl2 was omitted from the me­
dium and 1 mM EGTA was added For membrane potential experiments, 75 nM of the 
bisoxonol DiBAC4(3) (Molecular Probes) was present in the perfusion medium during the 
experiment Excitation wavelengths were 340 and 380 nra for intracellular Ca + measure­
ments with Fura-2, 490 nm for the membrane potential experiment with DiBAC4(3), and 
360 nm for Mn + quenching of Fura-2 Excitation filters were mounted in a motor-driven 
rotating wheel The fluorescence emission was monitored at 492 nm An epifluorescent 40x 
magnification oil immersion objective was used, which gave the opportunity to a simulta­
neous monitoring of around 100 cells Occasionally, a lOx objective was used, which al­
lowed monitoring of more than 1000 cells simultaneously Dynamic video imaging was 
carried out using the MagiCal hardware and Tardis software of Joyce Loebl (Tyne and 
Wear, UK) as described previously (Willems et al , 1993) In most experiments, 340/380 
ratio signals were calculated directly after the experiment using the Tardis software The 
discrete and limited ratio values that this software generates, resulted in some 'digital noise', 
which only reflects the limitations of the software Later experiments were analyzed 'off 
line', resulting in much smoother data (cf Fig IIB) Additional intracellular Ca2+ measure­
ments were performed on a conventional spectrofluonmeter (SPF-500, Aminco, Silver 
Spring, MD, USA) at an excitation wavelength of 340 nm and an emission wavelength of 
480 nm 
Voltage and current clamp measurements For whole cell patch clamp studies, cells were 
perfused with DF medium (pH 7 4) at a rate of 1 ml/min at room temperature Conven­
tional whole cell patch clamp methods were used Pipettes were filled with a high K + , Tns-
buffered solution (in mM 25 NaCl, 120 KCl, 1 CaCl2, 1 MgCl2, 10 Tris, 3 5 EGTA, pH 
7 4) An EPC-7 patch clamp amplifier (List, Darmstadt, Germany) and CED software 
(Cambridge Electronic Design Limited, Cambridge, UK) were used to acquire data In ion 
substitution experiments, DF medium was made from scratch and Na+ and CI were re­
placed by N-methyl-D glucamine and gluconate, respectively Since monolayers of NRK 
cells are electrically well-coupled (de Roos et al, 1996), there is electrical access from the 
patched cell to neighboring cells Therefore, the measured membrane potential will be an 
average of many coupled cells and only the intracellular components of the patched cell are 
washed out In this way, reliable membrane potential measurements could be performed for 
over two hours 
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Fig 1 Spontaneous synchronous 
repetitive increases in intracellular 
Ca2* in monolayers of NRK fibro­
blasts. A The average increase in 
[Ca2*], of about 100 cells forming part 
of a density-arrested monolayer of 
NRK fibroblasts В The response of 
seven randomly chosen individual 
cells from the cells taken from A. 
Cells were continuously perfused with 
bicarbonate-based buffer with a pH of 
around 8 2 Cells were loaded with 
Fura-2 in order to measure the 
[Ca2*],. 
For single cell patch clamp measurements, confluent NRK cells were trypsinized and 
replated in serum-containing DMEM. Whole cell patch clamp experiments were performed 
two to four hours after attachment of the cells to the culture dish. Extracellular medium 
consisted of (in mM): 10 BaCl2, 92.5 TEAC1, 1 MgCl2, 10 glucose, 10 bis-tris-propane (BTP, 
Sigma), pH 7.4). Pipettes were filled with a solution containing (in mM): 105 CsCl, 3.5 
EGTA, 1 MgCl2, 200 μΜ MgATP (Sigma), 10 BTP, pH 7.4. Cell capacitance and series resis­
tance compensation was performed in these experiments. 
Chemicals: Nifedipine, tetrodotoxin and octanol were from Sigma, bradykinin was from 
Boehringer (Mannheim, Germany), BAY K8644 was from Calbiochem (San Diego, CA, 
USA), В APT A-AM was from Molecular Probes. Felodipine was a gift of Astra Hässle AB 
(Mölndal, Sweden). 
RESULTS 
Synchronous Ca + spikes in monolayers of density-arrested NRK fibroblasts. 
In our laboratory, NRK cells are usually grown to confluence in the presence of serum after 
which they are serum-deprived and become quiescent. When these quiescent cells are subse-
quently treated with epidermal growth factor (EGF) as the only growth stimulating 
polypeptide, the cells undergo one additional cell cycle before they undergo density-
dependent growth inhibition or density-arrest (Van Zoelen et al., 1988). In the present 
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study, dynamic video imaging was performed on monolayers of such density-arrested NRK 
cells, loaded with the fluorescent probe Fura-2, to simultaneously monitor the cytosolic free 
Ca2+ concentration ([Ca2+],) in large numbers of cells (approximately 100). Figure 1 shows 
that these cells exhibit spontaneous, repetitive transient increases in [Ca +], ('Ca + spikes') 
that were synchronized in all cells. In Fig. 1A, the averaged response of all 100 cells is 
shown, whereas in Fig. IB the Ca2+ response is shown in seven individual cells, which were 
randomly picked from all the measured cells. These results indicate that the [Ca +], increased 
virtually simultaneously in all cells. The increase in [Ca +], in each spike was comparable to 
that evoked by optimal concentrations of bradykinin, a potent Ca +-releasing agent in NRK 
cells (see also Figs. 5B and IIB). Ca2+ spikes consisted of a fast rising phase, followed by a 
slowly declining plateau phase, which could last more than one minute, after which Ca + 
levels quickly declined to resting values. This decline was also synchronized in all cells. 
The frequency and probability of occurrence of the spontaneous repetitive Ca + spikes 
were highly variable between individual cell cultures. In physiological DF media equili-
brated to a pH of 7.4, about 50% of the density-arrested monolayers showed irregular Ca + 
spikes with a low frequency, whereas about 25% of these cultures showed repetitive Ca 
spikes. However, the probability of the occurrence of the repetitive spikes could be in-
creased to about 50% percent by increasing the pH of the medium by omitting C 0 2 from 
the bicarbonate-buffered medium, resulting in a pH of approximately 8.2. Synchronous 
Ca + spikes had the same shape in normal (pH 7.4) and high pH, although the duration of 
the spikes was longer in high pH medium (not shown). Because we were interested in the 
molecular mechanisms underlying the Ca + spikes, we routinely used medium with a high 
pH to increase their incidence. Under these conditions, frequency ranged from values as low 
as one or two transients per twenty minutes to values as high as ten transients per twenty 
minutes. Of note, spontaneous Ca + spikes were never seen in serum-deprived, quiescent 
NRK cells. 
The role of intracellular Ca * in the induction of spontaneous Ca + spikes. 
The role of intracellular Ca + as a possible trigger for the synchronous Ca + spikes was in-
vestigated by looking at Ca + concentrations in individual cells. Beside the synchronous 
Ca + spikes, occasionally asynchronous increases in [Ca +], were seen. Figure 2 is an example 
of such a case and shows the individual Ca + responses of a group of 7 adjacent cells within a 
monolayer that exhibited synchronous Ca + spikes. Two cells in the group of 7 cells dis-
played an asynchronous Ca + increase. This Ca + increase was not followed by an increase 
in [Ca"+], in neighboring cells. These results clearly demonstrate that Ca + increases in indi-
vidual cells do not necessarily trigger synchronous Ca + spikes and suggest that Ca + itself is 
not significantly transferred between cells. 
Synchronization of the Ca spikes throughout the entire monolayer 
In the experiments shown above, only about 100 cells in the monolayer were analyzed. By 
using a lOx objective instead of a 40x objective, we were able to analyze more than 1000 cells 
simultaneously. Synchronous Ca + spikes could also be detected using this lower magnifica-
tion, demonstrating that the Ca + spikes were synchronized throughout the entire mono-
layer (results not shown). Moreover, Ca + spikes were also seen using a conventional spec-
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Fig. 2 Asynchronous increases in 
intracellular Ca * in cells chat exhib­
ited spontaneous Ca + spikes The 
response in [Ca ], is shown in six 
neighboring cells that displayed syn­
chronous Ca * spikes Two of the 
cells (#3 and #5) show, apart from the 
synchronous increases, also an asyn­
chronous increase in [Ca ], 
trofluorimeter in which the average signal of about 1 cm of cells (approximately 1.0-10 
cells) was recorded (results not shown). These spikes had the same shape and kinetics as the 
Ca2+ spikes recorded in single cells, which is only possible if the entire monolayer re­
sponded synchronously. 
Although the virtually synchronous upstroke of the Ca + spikes in large numbers of 
cells indicated a mechanism other than a diffusion of a soluble second messenger like Ca + 
or IP3, the time resolution of these dynamic video experiments was too low to rule out dif­
fusion of a second messenger. Therefore, experiments were performed at a single wavelength 
(340 nm) at the highest possible time resolution in our system, i.e. 40 ms (video rate). Figure 
ЗА, which depicts the average signal from close to 100 cells, shows the onset of a Ca + spike 
at high time resolution. In less than 200 ms, the [Ca + ], reached almost its peak value. Figure 
3B shows the same experiment at an expanded time scale with groups of cells that were sepa­
rated from each other. To improve the signal to noise ratio, groups of three cells were taken 
and the four traces in Fig. 3B represent the average Ca + signal in these groups. These four 
groups of cells in the monolayer were separated by about eight cells. Thus, with an average 
cell diameter of 30 /¿m, these groups of cells were about 240 μιη apart. Although there was 
considerable noise, due to the high sampling frequency, Fig. 3B shows that the delay in the 
increase in [Ca + ] , that could be detected was not more than 200 ms. The velocity of the 
signal underlying the virtually synchronous increase in [Ca + ], signal would be therefore at 
least 1000 μπι/sec. This is considerably higher than the fastest measured intracellular Ca2+ 
wave (160 /xm/sec; Taffe, 1991) and rules out the possibility of a diffusible second messenger 
that triggers the Ca spikes, but instead suggests an electrical signal. 
External Ca * dependence of the spontaneous Ca * spikes 
To investigate whether the synchronized Ca + spikes were caused by release of Ca2+ from 
intracellular stores or by the influx of Ca + from the extracellular medium, the effect of 
lowering the extracellular Ca + concentration on the occurrence of the Ca + spikes was 
studied. Figure 4A shows that the Ca + spikes were quickly abolished after perfusion of 
Ca +-free medium. Also, the baseline [Ca + ], decreased. Bradykinin (BK), which is known to 
release Ca + from intracellular stores, was still able to increase [Ca + ], under these Ca +-free 
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Fig 3 Propagation of the Ca + spike 
throughout the monolayer. The onset 
of a spontaneous Ca spike was 
recorded at 40 ms time intervals. A. 
The average response of about 100 
cells in the monolayer Fluorescence 
intensity at 340 nm excitation is 
shown in arbitrary units. B. The 
response of four groups of cells taken 
from A that were about 240 μπι apart. 
In each group the Ca * signal of three 
cells was averaged to reduce noise. 
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conditions, demonstrating that intracellular Ca " stores were still filled. These results show 
that the increase in [Ca + ], was caused by the influx of Ca + from the extracellular medium. 
Ca"+ spikes were also abolished by the L-type Ca + channel blocker felodipine (1.0 μΜ; Fig. 
4B; Walton and Symes, 1993), indicating that Ca + entered the cell via L-type voltage-
dependent Ca + channels. Neither Ca +-free media nor felodipine affected cell coupling via 
gap junctions (not shown) as measured by capacitance measurements (de Roos et al., 1996). 
The involvement of a voltage-sensitive Ca + channel again supports the role of mem­
brane potential in Ca + spiking of the cells. We tried to evoke Ca + spikes with the L-type 
Ca"+ channel opener BAY K8644 (Tsien and Tsien, 1990) in density-arrested NRK mono­
layers that did not show spontaneous spikes, but results were not consistent. In some cases 
Ca2+ spikes could be evoked with 1.0 μΜ BAY K8644, but in most cases BAY K8644 had 
no effect (data not shown). The involvement of voltage-dependent Na+ channels was ex­
cluded by the fact that the potent voltage-dependent Na+ channel blocker tetrodotoxin 
(TTX; Hille, 1992) did not affect the Ca2+ spikes (Fig. 4C). 
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Fig 4 Effect of extracellular Ca + , Ca channel blockers and T T X on the Ca spikes 
Cells that exhibited spontaneous Ca + spikes were perfused with A Ca -free medium 
supplemented with 1 mM EGTA, followed by 10 nM bradykinin (BK) in the same Ca +-
free medium B. Cells were perfused with 0 1 and 1 0 μΜ felodipine, as indicated by the 
bars С cells were perfused with 10 μΜ tetrodotoxin (TTX) The bars above the experi­
ments reflect the entering of the new perfusion medium to the bath and complete mixing 
required at least 30 seconds Traces represent the average signal of about 100 cells Traces 
of individual cells showed that all Ca spikes were synchronized (not shown) Each trace 
is representative of at least three similar experiments 
Block of the Ca * spikes by bradykinin and octanol 
Propagation of an electrical signal through the monolayer requires electrical coupling of the 
cells through gap junctions. N R K cells are electrically well coupled via gap junctions 
(Maldonado et al., 1988; de Roos et al., 1996). Octanol, a strong inhibitor of gap junctional 
coupling in N R K cells (de Roos et al., 1996), did not desynchronize the Ca + spikes, but 
blocked the synchronous spikes completely (Fig. 5A). This result indicates that gap junc­
tion-mediated intercellular communication plays an important role in spontaneous Ca + 
spiking of the density-arrested cells, although an aspecific effect of octanol on other mem­
brane proteins such as ion channels cannot be excluded. Figure 5B shows that 10 nM 
bradykinin, which causes a long-lasting depolarization (up to 15 minutes; de Roos et al., 
1997), also blocked the repetitive Ca spikes. In addition, spikes were blocked by depolari­
zation of the cells with 60 mM K+ (results not shown). The latter treatment evoked a single, 
transient rise in [Ca +\ (see also Fig. 10B), after which no spontaneous Ca + spikes were 
observed anymore. Neither BK nor depolarization with K+ affected cell coupling. This 
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Fig 5 The effect of octanol and 
bradykinin on the Ca2* spikes Cells 
were perfused with 1 5 mM octanol 
(A) and 10 nM bradykinin (BK; B) 
during indicated times Traces repre­
sent the average signal of about 100 
cells 
В 
10 nM bradykinin 
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block of repetitive Ca + spikes by a sustained depolarization suggests that changes in mem­
brane potential are necessary for the Ca + spikes to occur. 
Spontaneous Ca * spikes are paralleled by membrane depolarizations 
The virtually synchronized Ca spiking of large numbers of cells, the involvement of volt­
age-dependent Ca + channels, the apparent requirement of electrical coupling via gap junc­
tions, and the block of spikes by a sustained depolarization, all suggested a role of mem­
brane depolarizations in the induction of Ca + spikes. By coloading the cells with the fluo­
rescent probe DiBAC4(3) and Fura-2, we were able to measure intracellular Ca + simultane­
ously with the membrane potential. Figure 6 shows that each synchronous Ca + spike was 
paralleled by a depolarization of the membrane. This is in agreement with the idea that an 
electrical signal underlies the Ca + spikes. Since DiBAC4(3) is a slow probe, membrane po­
tential changes are followed by a relatively slow redistribution of the probe between cell and 
medium, and therefore, this experiment itself can not give information whether the mem­
brane depolarization preceded the Ca + spike or vice versa 
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Fig. 6 Simultaneous measurements of 
intracellular Ca + and membrane 
potential. A. Repetitive increases in 
[ C a 2 t ] , as measured by Fura-2 fluores­
cence В Measurement of membrane 
potential using the fluorescent probe 
bisoxonol during the Ca spikes 
shown in A Cells were loaded with 
Fura-2 as described in methods, 75 nM 
DiBACH(3) was continuously present 
during the experiment DiBAC4(3) 
fluorescence is shown in arbitrary 
units Excitation wavelengths for 
Fura-2 and DiBAG,(3) were alter­
nately used to monitor both [Ca ], 
and membrane potential 
Patch clamp measurements of spontaneous membrane potential spikes 
To further substantiate the role of membrane potential in the Ca + spikes, membrane po­
tential was measured in the current clamp mode of the patch clamp technique. Since mono­
layers of N R K cells are electrically well coupled, always an average membrane potential will 
be measured when a single cell in the monolayer is patched. Using this configuration of the 
patch-clamp technique, spontaneous spike-like depolarizations ('membrane potential spikes') 
were regularly observed in density-arrested monolayers of N R K fibroblasts (Fig. 7A-D). 
These membrane potential spikes had a similar frequency and shape as the Ca spikes. The 
membrane depolarized usually within 100 ms in an all-or-none, action potential-like manner 
from a resting potential between -60 and -40 mV to a peak value that could be as high as 
+ 20 mV and which lasted only a few milliseconds. After this fast depolarization the mem­
brane quickly repolarized to a plateau phase at around -10 mV, during which the membrane 
only slowly repolarized to a threshold value of around -20 mV. Subsequently, membrane 
potential quickly returned to its resting value. 
In patch clamp experiments, the incidence of spontaneous spikes in physiological D F 
media with a normal p H of 7.4 was about 50% and, therefore, media with a p H of 7.4 were 
used in the patch clamp measurements. Medium with a high p H increased the duration of 
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5 min 
Fig 7 Patch clamp measurements of repetitive membrane potential spikes Ion substitu­
tions were performed in order to determine ionic dependence of the spikes A Cells were 
perfused with medium containing 75 mM and 5 mM Na + during indicated times. B. Cells 
were depolarized by perfusion of medium containing 50 mM К* С Perfusion with Ca *-
free medium supplemented with 1 mM EGTA and D. Perfusion with medium containing 
5 mM СГ Membrane potential was recorded in the current clamp mode of the whole cell 
patch clamp technique. Shown are typical experiments that were repeated at least four 
times with similar results 
the plateau phase of the membrane potential spikes similar to the Ca^ spikes (results not 
shown). Of note, in the patch clamp experiments, spontaneous membrane potential spikes 
were seen only in density-arrested cells, and never in quiescent NRK cells. 
Ionic basis of the membrane depolarizations 
Ion substitution experiments were performed to study the ionic basis of the membrane 
potential spikes. Figure 7 A shows the membrane potential spikes in medium in which the 
Na+ concentration was successively lowered to 75 and 5 mM. The magnitude of the spikes 
and the onset of the decay phase was not changed by low Na+-media, only the frequency of 
the spikes increased in 5 mM Na+, whereas the duration of the plateau phase was decreased. 
Depolarization of the cells by 50 mM K+ (Fig. 7B) reversibly abolished the membrane po­
tential spikes completely. Also, perfusion of Ca +-free media (3 mM EGTA) reversibly 
blocked the spikes (Fig. 7C). Ca +-free media with low concentrations of EGTA (1.0 mM 
and less) sometimes induced fast dampened membrane potential oscillations (not shown). 
Ca +-free media also depolarized the cells to a sustained level of -10 mV, a process that was 
quickly reversed upon re-addition of Ca . At very low concentrations of Ca +, Ca chan­
nels may become permeable to Na+ (Hille, 1992), which may explain this depolarization. 
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Fig. 8 Effect of Sr + on the membrane potential spikes and the role of intracellular Ca 
A Spontaneously spiking monolayers were first perfused with a Ca -free medium (1 mM 
E G T A) to abolish the spikes, after which 5 mM Sr + was added to this medium B. Magni­
tude of the peak depolarization in 1 mM Ca + , and in medium supplemented with 5 and 
10 mM Sr + , respectively Shown are representative traces of at least three experiments С 
Spontaneously spiking cells were perfused with 50 μΜ BAPTA-AM to buffer intracellular 
Ca + . Interruption of the trace represents a five minute gap in which voltage-clamp ex­
periments were performed One spike occurred in this period. 
Figure 7D shows that a low СГ medium only slightly increased the magnitude of the 
initial fast part of the depolarization, but changed the plateau phase significantly. In 5 mM 
Cl, the membrane repolarized slowly from the peak of the spike, instead of the initial fast 
repolarization to -10 mV observed in control medium. Although the plateau phase was 
repolarize affected by low СГ media, the membrane potential at which the membrane 
started to quickly (-20 mV), was not affected. These results show that the magnitude of the 
fast peak depolarization is hardly influenced by N a + and Cl" and that these ions are not 
responsible for the initial depolarization. 
The role of extra- and intracellular Ca in the membrane potential spikes 
Depolarizations that overshoot 0 mV can be carried by N a + or Ca + since the Nernst equi­
librium potentials for both ions are positive. However, changing the N a + concentration did 
not affect the magnitude of the depolarization (Fig. 7A). Since Ca +-free media abolished the 
membrane potential spikes, it was investigated whether an increased Ca + permeability was 
responsible for the initial depolarization. Since Sr can readily permeate Ca channels 
(Hille, 1992), Sr"+ was substituted for Ca + . Figure 8A shows that, after a block of the 
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Fig 9 Effect of felodipine and Mn 
on the membrane potential spikes. 
Spontaneously spiking monolayers 
were perfused with A 1.0/iM felodip­
ine and В 0 1 and 1 0 mM Μη 
2.5 min 
membrane potential spikes with Ca +-free medium (supplemented with 1 mM EGT A), 5 
mM Sr + could re-establish membrane potential spikes. Also, the magnitude of the initial 
depolarization was higher in 5 mM Sr + than in 1 mM Ca +. If the depolarizing spike is 
caused by an increased Ca + permeability, it is to be expected that increasing the concentra­
tion gradient for Ca +, or Sr + in this case, will increase the magnitude of the membrane 
potential spike. Figure 8B shows the first part of the membrane potential spike in media 
with 1 mM Ca +, 5 mM Sr + and 25 mM Sr +, respectively, and demonstrates that increasing 
the concentration of Sr + in the medium indeed increased the magnitude of the initial depo­
larizing spike, without affecting the plateau phase. In control solutions with 1 mM Ca + the 
depolarization reached +20 mV, while in 5 and 25 mM Sr the initial depolarization was 
markedly increased to +40 mV and +60 mV, respectively. This corresponds with a 29 mV 
increase in spike depolarization per ten-fold increase in concentration, which is in good 
agreement with the expected value for permeation of divalent ions (Hille, 1992). These re­
sults clearly show that the depolarizing membrane potential spike is caused by an increased 
Ca"+ permeability. 
The role of intracellular [Ca +] in the membrane potential spikes was investigated by 
loading the cells with the Ca + chelator BAPTA. The acetoxymethyl ester of BAPTA was 
perfused to cells that showed repetitive membrane potential spikes (Fig. 8C). Loading the 
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Fig. 10 Voltage-dependent Ca * currents. A. Whole cell inward currents elicited by 10 mV 
depolarizing steps from a holding potential of -70 mV, using Ba as the charge carrier B. 
Current voltage relation of the peak Ba currents shown above and the effect 0 5 and 1 0 
μΜ of the L-type Ca * channel blocker nifedipine. С The effect of depolarization of 
monolayers of NRK cells by perfusing 60 mM potassium in the absence and presence of 
1.0 μΜ felodipine. 
cells with BAPTA blocked the plateau phase of the spike, while leaving the initial depolariz­
ing spike intact. As a result, the membrane potential spikes consisted of the normal fast 
depolarization, followed by an immediate complete repolarization. The magnitude of the 
depolarization was also slightly increased, which can be explained by an increased concen­
tration gradient for Ca + when intracellular Ca + is buffered. These results show that the 
initial spike is not dependent on the [Ca +]„ as expected when the influx of Ca + from the 
extracellular medium through Ca + channels is responsible for this depolarization. Also, 
these results show convincingly that intercellular transfer of Ca + is not necessary for the 
occurrence of the calcium and membrane potential spikes (cf. Fig. 2). On the other hand, 
the plateau phase of the membrane potential spike clearly depends on [Ca"+],. 
The role of L-type Ca + channels in the membrane potential spikes 
The block of the Ca + spikes by felodipine (Fig. 4B) suggested the involvement of L-type 
Ca~+ channels in the repetitive spiking of the membrane potential. Figure 9A shows that 1.0 
μΜ felodipine blocked the membrane potential spikes as well, an effect that was also exerted 
by 1.0 μΜ nifedipine (not shown) and 1.0 mM Mn + (Fig. 9B), two other blockers of L-type 
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Fig 11 The role of Ca + influx during the membrane potential spike A. Manganese 
quenching of Fura-2 at 360 n m excitation (left axis, arbitrary units) measured simultane­
ously with a spontaneous Ca + spike (right axis). 0 1 mM Mn * was continuously present 
in the perfusion medium Increase in Mn quenching was significant ( p < 0 05). The 
perfusion medium contained 1.0 μΜ BAY K8644. B. Spikes as the result of Ca + action 
potentials in the presence of 3 mM Sr + in the medium with no Ca added Bradykinin, 
100 nM, was added during the indicated time Ca * action potentials were induced by 
local depolarizations of the membrane by high extracellular K* (de Roos et a l , submit­
ted) These action potentials propagated from the site of induction to the site of Fura-2 
measurements 
Ca2+ channels (Tsien and Tsien, 1990; Hancox and Levi, 1994). A ten-fold lower concentra­
tion of Mn +, however, did not block the membrane potential spikes (Fig. 9B). 
To further support the presence of voltage-dependent Ca + channels in NRK cells, Ca 
currents were evoked in single, trypsinized NRK cells, using Ba + as the charge carrier. In 
the whole cell voltage clamp configuration, cells were stepwise depolarized from a holding 
potential of -70 mV. Figure 10A shows typical recordings of the resulting inward current 
traces. Ba + currents could be consistently evoked after depolarization beyond a threshold of 
around -20 mV with a peak current at 0 mV (Fig. 10B). Nifedipine (Fig. 10B) and felodipine 
(not shown) blocked the Ba + currents dose-dependently. These results are consistent with 
the presence of L-type Ca + channels in NRK fibroblasts. In monolayers that showed no 
spontaneous Ca + spikes, depolarization of monolayers of NRK cells with high extracellular 
K+ evoked an increase in [Ca + ] , (Fig. 10C), which shows the opening of voltage-dependent 
Ca + channels under physiological culture conditions. Despite the prolonged depolarization 
with K\ [Ca + ] , returned to its basal values. Felodipine prevented this increase in [Ca +\ 
completely and, for unknown reasons, even reduced [Ca"+], upon depolarization. 
2 + Dependence of the plateau phase on Ca * influx and intracellular Ca 
To investigate whether the Ca +-dependent plateau phase of the Ca + spike was the result of 
a C a * influx from the extracellular medium or release of Ca + from intracellular stores, a 
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manganese quenching assay (Alonso et al., 1989) was performed. In this assay, Mn was 
included in the perfusion medium and the ability of Mn + to quench Fura-2 was used to 
look at Mn2* entry. Although Mn2 + blocks Ca2+ channels at high concentrations (Fig. 9B), 
at low concentrations it is able to permeate Ca + channels and whenever Ca enters the cell 
through Ca2+ channels, Mn + will co-permeate and quench Fura-2. By measuring Fura-2 
quenching at the isobestic point of Fura-2 (360 nm), Mn + entry could be simultaneously 
monitored with changes in [Ca2 + ], (ratio 340/380) during the Ca2+ spike. Figures IIA shows 
that the slope of Fura-2 quenching becomes steeper from the onset of the plateau phase of 
the rise in [Ca +]„ until the spike is over, whereafter the Mn + quenching rate returns to its 
basal level. These results indicate that Ca + enters the cell during the entire Ca"+ spike. 
A possible role of release of intracellular Ca + during the Ca + spike was investigated by 
substituting Ca + in the medium for Sr +. Under these conditions, opening of plasma mem-
brane Ca + channels will cause an influx of Sr + through Ca + channels. Since Fura-2 has a 
lower affinity for Sr"+ than for Ca +, influx of Sr + alone is expected to cause a relatively 
small increase in Fura-2 fluorescence emission ratio. Accordingly, if the intracellular stores 
remain filled with Ca +, under these conditions induction of a subsequent release of Ca 
from these stores should provoke a much larger increase in the Fura-2 ratio. Figure IIB 
shows Ca + spikes in monolayers of fibroblasts in medium in which Sr + replaced Ca +. In 
these Sr +-containing media, the increase in the Fura-2 ratio is indeed much less that in Ca 
containing medium, indicating that the increase is solely caused by a Sr influx and that 
apparently no substantial release of Ca + from intracellular stores occurs. In agreement with 
that notion, subsequent addition of BK, which releases Ca + from intracellular stores, 
evoked a much larger increase in the Fura-2 ratio. In Fig. IIB, Ca + action potentials were 
induced by local depolarization of a small part of an electrically silent monolayer of NRK 
cells, which causes a propagating Ca + wave (submitted; Chapter 6). This figure therefore 
demonstrates that Ca + spikes can also be induced. 
These results indicate that there is no Ca + release from intracellular stores during spon-
taneous Ca" spiking and that the increase in intracellular Ca is mainly caused by an influx 
of Ca + from the extracellular medium. 
DISCUSSION 
Synchronized Ca * spiking of density-arrested NRK cells 
The results presented here show that monolayers of density-arrested NRK fibroblasts ex-
hibit spontaneous Ca + spikes that are synchronized throughout the monolayer. Synchro-
nized Ca" oscillations have also been shown in monolayers of endothelial cells (Sage et al., 
1989; Neylon and Irvine, 1990; Laskey et al., 1992), in electrically active pancreatic ß-cells 
(Pralong et al., 1988; Santos et al., 1991) and in human sweat gland epithelial cells (Pickles et 
al., 1991). In most cases the underlying mechanism was unknown. In other cell types, inter-
cellularly propagating 'Ca + waves' have been reported (Boitano et al., 1992; Laskey et al., 
1992; Robb-Gaspers and Thomas, 1995) that probably result from the regenerative produc-
tion of IP3 by the diffusion of Ca + and/or IP3 through gap junctions to neighboring cells 
with concomitant Ca + release from intracellular stores (Sanderson et al., 1994). 
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Ca2* action potentials underlie synchronous Ca + spiking 
The signal that is responsible for the synchronization of the Ca + rise in the monolayer was 
at least 1000 μιτι/s and too fast to be explained by the diffusion of a second messenger like 
Ca2 + or IP3 (Fig. 3). The fastest velocity of an intracellular Ca + wave has been reported to 
occur in heart myocytes and was 160 /im/sec (Jaffe, 1991), while the velocity of intercellular 
Ca~ + waves is in the range of 2-20 μτη/s (Sneyd et al., 1995). 
We also show here that the synchronized Ca + spikes in NRK cells are not the result of 
diffusion of Ca2 + between cells, but instead of an influx of Ca + from the extracellular me­
dium. Taken together, it is unlikely that the repetitive Ca + spikes observed in the present 
study can be explained by intercellular diffusion of second messengers or a periodic release 
of Ca2+ from intracellular stores as has been proposed in other cell types (Tsien and Tsien, 
1990; Berridge, 1993; Sanderson et al., 1994). Instead, this high degree of synchronization 
suggests a rapidly propagating, regenerative electrical signal, i.e. an action potential. 
Ca + spikes were paralleled by membrane potential depolarizations as shown by the 
bisoxonol measurements (Fig. 6). However, whether the membrane depolarizations pre­
ceded the Ca2+ spikes could not be resolved using this slow membrane potential probe. 
Current clamp patch clamp measurements revealed that these depolarizations were in fact 
membrane potential spikes displaying the same shape and frequency as the Ca spikes. The 
membrane potential spikes were fast, occurred in an all-or-none fashion and resembled ac­
tion potentials. 
From the synchronicity of the Ca + spikes, it is concluded that rapidly propagating 
membrane potential spikes must underlie the Ca + spikes. Since monolayers of NRK cells 
are electrically well coupled via gap junctions (de Roos et al., 1996), this provides a way for 
the fast transduction of changes in membrane potential. 
The membrane potential spikes in NRK cells met all criteria for an Ca + action potential 
(Hagiwara and Byerly, 1981): Ca + action potentials are characterized by an overshoot that 
increases with increasing concentrations of extracellular Ca + (Sr + ), they continue in Na+-
free media, and can be blocked by Ca + channel antagonists. In that respect, Ca2+ action 
potentials and associated Ca + spikes resemble those that are present in virtually all excitable 
cells, ranging from invertebrate muscle to various vertebrate muscle, endocrine cells, and 
granulosa cells (Ribalet and Beigelmann, 1980; Hagiwara and Byerly, 1981; Stojilkovic and 
Katt, 1992; Mealing et al, 1994). 
The involvement ofL-type Ca * channels in the upstroke of the Ca + action potential 
The inhibition of both the Ca + and membrane potential spikes by L-type voltage-
dependent Ca + channel blockers indicates that these channels mediate the Ca + action po­
tential. It has been reported before that fibroblasts can possess L-type Ca + channels (Chen 
et al., 1988; Lovisolo et al., 1988; Harootunian et al., 1991; Baumgarten et al., 1992), but a 
function for such channels in these cells has so far been unclear. Here, we show that also 
NRK fibroblasts possess L-type voltage-dependent Ca + channels in these cells (Fig. 10). As 
the activity of L-type Ca + channels has been shown to be higher at more alkaline pH 
(Klöckner and Isenberg, 1994), this may explain why the incidence of spontaneous repetitive 
Ca + spikes was increased in these media. 
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The plateau and repolarization phase of the Ca + action potential. 
The plateau phase of the Ca + action potential was determined by an increased chloride 
conductance and was abolished by buffering the rise in [Ca *\. This indicates the involve­
ment of a Ca2+-activated chloride conductance. Recently, we showed that BK depolarizes 
NRK cells to -15 mV by a Ca2 +-activated chloride conductance (de Roos et a l , 1997), which 
is in agreement with the results obtained here. Thus, the influx of Ca , concomitant with 
every Ca 2 + action potential, activates a Ca +-dependent chloride conductance, which pro­
longs the action potential. 
During the plateau phase of the action potential, the intracellular Ca + level only slowly 
declined. At this increased Ca + level, it is expected that Ca +-ATPases are fully active 
(Hille, 1992). The fast decline in intracellular Ca + after the plateau phase shows that the 
Ca +-ATPases have a sufficient capacity to pump the Ca + out of the cytosol. Therefore, the 
increased Ca + level during the plateau phase implies a continuous flux of Ca into the 
cytosol. The Mn + quenching of Fura-2 suggested a C a * influx during the entire depolariza­
tion. Furthermore, a much smaller transient increase in Fura-2 ratio in Sr +- than in Ca +-
containing media was observed during a spike, indicating that this increase in Fura-2 ratio 
was only caused by an increase in [Sr ]„ and not [Ca ]1, in Sr -containing media. Assum­
ing that Sr + is able to release Ca + from intracellular stores in NRK cells, as has been shown 
in other cells (Nagasaki and Kasai, 1984; Lee, 1993), it is concluded that during a spike no 
release of Ca + from intracellular stores occurs. 
L-type Ca + channels have a slow inactivation rate (Tsien and Tsien, 1990), and L-type 
Ca currents can persist for several minutes (Huerta and Stefani, 1986; Durroux et al., 1988; 
Nilius et al., 1994). The slow decrease to basal [Ca + ] , levels after an initial increase by a 
continuous depolarization (Fig. 10B) may reflect this slow inactivation. Therefore, we pro­
pose that L-type Ca + channels are the main source for the continuous influx of Ca + . How­
ever, it remains to be established whether other sources responsible for the rise in [Ca 2 + ], are 
present. 
The onset of further repolarization to resting values was not affected by the extracellular 
СГ, but always occurred at a membrane potential of around -20 mV, suggesting a threshold 
for repolarization. Although the decrease in [Ca + ] , also showed synchronization, the fact 
that prolonged depolarization with high extracellular K+ caused only a transient increase in 
[Ca + ] , (Fig. 10B), argues against a membrane potential-regulated decrease of [Ca 2 +], levels. 
The fast repolarization might be caused by a re-opening of inward rectifying K+ channels 
that closed during the action potential (Hille, 1992). 
Induction and propagation of the Ca + action potential 
A general characteristic of action potentials is that they can be induced by a depolarization. 
The maximum current that could be injected with our patch clamp set-up (500 pA) only 
changed the membrane potential by only 3-5 mV. However, we showed recently that depo­
larization beyond a threshold value upon addition of a high concentration of extracellular 
K+ could induce a propagating action potential in monolayers of quiescent NRK fibroblasts 
which do not show spontaneous spikes (de Roos et al., submitted; see also Fig. IIB), demon­
strating that action potentials can also be induced in N R K monolayers. These action poten-
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tials had a propagation velocity of 6.0 mm/s which is in agreement with the minimal veloc­
ity of 1.0 mm/s that could be assessed in the present study and suggests that the Ca + spikes 
reported here are evoked by Ca 2 + action potentials that originate somewhere in the mono­
layer and subsequently propagate through the monolayer. 
Since monolayers of N R K cells are electrically well coupled and the membrane potential 
will be an average of many cells, it is expected that the behavior of ion channels in a single 
cell will not be sufficient to change the membrane potential beyond the threshold value for 
L-type Ca 2 + channels due to electrotonic spread to neighboring cells. The fact that single 
cells (in isolation) do not show spontaneous action potentials (de Roos et al., unpublished), 
also does not support a role for the random behavior of single cells as a possible trigger for 
the generation of the action potential. 
L-type Ca 2 + channels have a threshold for activation between -30 mV and -10 mV (Tsien 
and Tsien, 1990; Hille, 1992). Since the membrane potential of density-arrested N R K fibro­
blasts is -40 to -60 mV, activation of L-type channels requires an initial depolarization to a 
value between -30 and -10 mV. However, no slow increase to a threshold value could be 
detected in the onset of the depolarizing membrane potential spike. It is possible that the 
initiation of the spikes occurs randomly in the monolayer. In this case, a part of the mono­
layer may slowly depolarize to the threshold value of L-type Ca + channels, after which a 
propagating action potential evolves. Gradual depolarizations preceding the action potential­
like depolarization have been observed occasionally. 
Model for Ca + and membrane potential spikes 
The following model is proposed. A randomly in the monolayer occurring, spontaneous 
depolarizing trigger, which nature is so far unknown, opens voltage-dependent L-type Ca + 
channels. Opening of Ca + channels generates an influx of Ca + in the cells with a concomi­
tant further depolarization towards the equilibrium potential for Ca + . Transduction of this 
depolarization to neighboring cells via gap junctions causes the regenerative opening of Ca + 
channels in these cells, resulting in active propagation of the signal through the whole 
monolayer. The influx of Ca during the action potential opens a Ca -activated СГ con­
ductance, responsible for the plateau phase of the action potential. By this prolonged depo­
larization, the L-type channels may remain activated, causing a sustained Ca + influx and 
concomitant depolarization by the Ca +-activated Cl channels. An intrinsic, membrane 
potential-independent inactivation of L-type Ca + channels (Hille, 1992) may cause a de­
creased Ca + influx and inactivation of chloride channels with concomitant repolarization. 
Ca signaling in fibroblasts 
Since fibroblast(-like) cells can be electrically coupled to each other (Salomon et al., 1988; 
Hashizume et al., 1992; Jester et al., 1995; de Roos et al., 1996), and may even form three-
dimensional communicating networks in vivo (Komuro, 1990; Jester et al., 1995), it is hy­
pothesized that Ca action potentials play a role in the coordination of Ca + signals in 
fibroblasts. 
We show that the depolarizations associated with Ca action potentials provide a novel 
mechanism for [Ca + ] , signaling in fibroblasts that were hitherto considered to be inexcitable 
cells. Ca + action potentials provide fibroblasts with a mechanism for fast, all-or-none Ca2 + 
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responses, similar to excitable cells. In classical models, an initial Ca + release from intracel-
lular stores is amplified by an additional influx of Ca + via Ca channels (ICRAC) m t n e 
membrane (Penner et al, 1993; Putney, 1993) or a Ca2+-induced Ca + release mechanism 
(Berridge, 1993). Although our results suggest that there is no release of Ca + from intracel-
lular stores during the Ca + action potential, this remains to be established. 
Density-dependent growth inhibition or density-arrest is characteristic of many non-
transformed cells in culture and it is lost upon cellular transformation (Van Zoelen, 1991). 
The elucidation of the largely unknown mechanisms that underlie density-arrest may be 
important to the further understanding of cellular growth control and transformation. Re-
markably, spontaneous repetitive Ca + action potentials were only seen in density-arrested 
cells and never in quiescent cells. This might reflect differences in the number or regulation 
of the channel (s) involved. The ability to generate spontaneous Ca + action potentials ap-
parently depends on growth status and may be involved in acquiring density-arrest of cell 
proliferation. We are currently investigating a density-dependent modulation of L-type Ca + 
channels in NRK cells. 
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Synchronized Ca2+ Signaling Mediated by Intercellular Propagation of 
Ca2+ Action Potentials in Monolayers of NRK Fibroblasts 
Albert D G de Roos, Peter H G M Willems, Everardus J J van Zoelen, and 
Alexander Ρ R Theuvenet 
ABSTRACT 
The intercellular propagation of Ca + waves by diffusion of înositoltrisphos-
phate has been shown to be a general mechanism by which non-excitable cells 
communicate Here, we show that monolayers of normal rat kidney fibro-
blasts behave like a typical excitable tissue In confluent monolayers of these 
cells, Ca2+ action potentials can be generated by local depolarization of the 
monolayer upon treatment with either bradykinin or an elevation of the ex-
tracellular K+ concentration These electrotonically propagating action poten-
tials travel intercellularly over long distances in an all-or-none fashion at a 
speed of approximately 6 1 mm/sec, and can be blocked by L-type Ca chan-
nel blockers The action potentials are generated by depolarizations beyond 
the threshold value for L-type Ca + channels of around -15 mV The result of 
these locally induced, propagating Ca + action potentials is an almost syn-
chronous, transient increase in the intracellular Ca + concentration in large 
numbers of cells These data show that electrically coupled fibroblasts can 
form an excitable syncytium and elucidate a novel mechanism of intercellular 
Ca * signaling in these cells that may coordinate synchronized multicellular 
responses to local stimuli 
INTRODUCTION 
Intercellular communication plays an important role in the coordination of cooperative 
cellular responses In excitable cells, such as nerve and muscle cells, action potentials caused 
by the regenerative opening of voltage-dependent channels provide a fast (0 1-100 m/s) 
mechanism for signaling over long distances In non-excitable cells, coupling via gap junc-
tions provides a way for intercellular signaling and it has been shown that the regenerative 
production of inositoltrisphosphate (IP3) can induce Ca + waves that slowly propagate (50-
100 μπι/s) from cell to cell (Sanderson et al, 1994) 
Fibroblasts are considered to be a classical example of non-excitable cells Fibroblasts can 
be electrically coupled to each other (de Roos et al, 1996, Hashizume et al, 1992, Jester et 
al, 1995, Rook et al, 1992) and in several tissues, such as kidney, intestine and dermis, these 
cells form three-dimensional communicating networks (Komuro, 1990) Fibroblasts can also 
be electrically coupled to other cells, including myocytes (Rook et al, 1992), endothelial 
(Hunter and Pitts, 1981) and neuronal cells (Courbin et al, 1989) Electrical coupling via gap 
junctions provides a way for the fast transduction of membrane potential changes between 
cells and can thus coordinate signaling Although it has been reported that fibroblasts pos­
sess voltage-dependent Ca T channels (Baumgarten et al, 1992, Chen et al , 1988, Harootu-
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man et al , 1991, Lovisolo et al , 1988, Peres et al, 1988) that would in principle enable these 
cells to generate action potentials, a function for such channels in these cells has so far been 
unclear 
Monolayers of normal rat kidney (NRK) fibroblasts are electrically well-coupled (de 
Roos et al , 1996) and therefore provide a model system to investigate the intercellular 
transduction of electrical signals We recently showed that density-arrested monolayers of 
NRK cells exhibit spontaneous repetitive membrane potential depolarizations that resemble 
action potentials In the current study, we show that quiescent NRK cells do not exhibit 
spontaneous action potential-like depolarizations, but that in these cells action potentials 
can be induced by bradykmin (BK) BK is an agonist that not only increases intracellular 
Ca2+ (Afink et al, 1994), but also depolarizes NRK fibroblasts via an increased Ca +-
activated Cl conductance (de Roos et al., 1997) In monolayers of quiescent NRK fibro­
blasts, local depolarization of only a small part of the monolayer with BK can induce an 
intercellularly propagating Ca + action potential which results in a fast transient increase in 
the intracellular Ca + concentration ([Ca *]) in large numbers of cells. The Ca + action po­
tentials reported here provide a mechanism for intercellular communication which is several 
magnitudes faster than the reported intercellular IP3-mediated Ca
 +
 waves in non-excitable 
cells 
MATERIALS AND METHODS 
NRK cells (clone 49F, de Larco and Todaro, 1978) were seeded at a density of 1 0 10 
cells/cm in 35 mm tissue culture dishes and grown to confluence in bicarbonate-buffered 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum 
as previously described (Afink et al, 1994) Confluent cultures were incubated in serum-free 
DF medium (DMEM/Ham's F12, 1 1) supplemented with 30 nM Na2Se03 and 10 μg/ml 
human transferrin for two to four days by which the cells become quiescent DF medium is 
a cell culture medium which contains as main inorganic salts (in mM) 109 5 NaCl, 5 4 KCl, 
1 8 CaCl2, 0 81 MgCl2) 44 0 NaHCO,, 1 0 NaH 2 P0 4 , and is supplemented with essential 
nutrients such as glucose, amino acids and vitamins for optimal cell growth For patch 
clamp experiments, cells were incubated in either normal Ca +-containing DF medium or in 
nominally Ca +-free DF-medium supplemented with the indicated concentrations of SrCl2, 
and equilibrated with 5% C 0 2 to a pH of 7 4 When SrCl2 was added to the medium, the 
concentration NaCl was lowered to maintain osmolamy When ion substitutions were 
made, N-methyl-D-glucamine substituted for Na+, whereas gluconate substituted for CI 
BAPTA loading was achieved by incubating the cells for 30 minutes in the presence of 100 
μΜ BAPTA-AM (Molecular Probes, Eugene, OR), after which the cells were incubated in 
DF medium for 10 minutes 
Whole cell patch clamp measurements were carried out as previously described (de Roos 
et al, 1996) Patch pipettes were made from thin-walled glass (SG150T, Clarke Electromedi­
cal Instruments, Pangbourne, UK) using a two stage pipette puller (L/M-3P-A, List Elec­
tronic, Darmstadt, Germany) Pipettes were filled with a solution containing (in mM) 25 
NaCl, 120 KCl, 1 CaCl2, 1 MgCl2, 10 Tris, 3 5 EGTA (pH 7 4) and had resistances of 4-6 
ΜΩ Membrane potential was detected with an EPC-7 patch clamp amplifier (List Elec­
tronic) in the current clamp mode Since monolayers of NRK cells are electrically well-
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Fig. 1 Experimental set-up A A cell in a monolayer was patched in the whole-cell con-
figuration in the current clamp (CC) mode A depolarizing stimulus was given at a certain 
distance (20-105 mm) from the recording pipette, resulting in depolarization of only a 
small part of the monolayer Propagation of the signal through the monolayer results in a 
measurement of the depolarization in the patched cell В Two cells from a monolayer at a 
certain distance (d) were patched Propagation of a distantly applied stimulus results in a 
delay in the signal between the two patched cells. 
coupled, there is electrical access from the patched cell to neighboring cells (de Roos et al., 
1996). Therefore, the measured membrane potential will be an average of many coupled cells 
and only the intracellular components of the patched cell are washed out. In this way, stable 
resting membrane potentials could be measured for over an hour. 
Ratio fluorimetry for measurements of [Ca + ] , was performed as previously described 
(Willems et al., 1993). In short, cells were loaded with 1.5 μΜ Fura-2AM (Molecular Probes) 
for 30 minutes and washed for 20 minutes in DF medium. Excitation wavelengths were 340 
and 380 nm, while emission was monitored at 492 nm. Dynamic video imaging was carried 
out using the MagiCal hardware and Tardis software of Joyce Loebl (Tyne and Wear, UK). 
Figure 1A shows the experimental setup for most of the patch clamp experiments. A cell 
from a monolayer culture was patched and a depolarizing stimulus was given by application 
of a small volume (5 or 10 μ\) of 10 nM bradykinin or 124 mM KCl at a certain distance 
from the measuring patch clamp pipette (distant stimulus) using a micropipette. By this 
mode of application, it was ensured that only a small part of the monolayer was exposed to 
stimulatory concentrations of the stimulus and that the membrane potential could be re­
corded in cells that were not directly exposed to the stimulus. Also, propagation of mem­
brane potential signals was measured by using two patch clamp pipettes that were located at 
a certain distance (700-900 μιη) from each other (Fig. IB). In this case, propagation of a sig­
nal could be determined from the delay in response between the two pipettes when a distant 
stimulus, similar to the one in Fig. 1A, was given on either side of each pipette. 
RESULTS 
NRK fibroblasts, clone 49F (de Larco and Todaro, 1978), can be made quiescent by serum-
deprivation of confluent cultures. When these quiescent cells are subsequently treated with 
epidermal growth factor (EGF) as the only growth stimulating polypeptide, the cells un­
dergo one additional cell cycle before they undergo density-dependent growth inhibition or 
В 
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Fig 2 Action potentials in monolayers 
of NRK cells A Spike depolarization 
preceding the long-lasting depolariza­
tion by BK in normal DF medium, 
which contains 1.8 mM Ca . The 
cells were directly exposed to 100 nM 
BK. B. Action potential evoked by the 
distant application (cf Fig 1) of 5 μ\ 
10 nM BK that prevented direct expo­
sure to BK (total bath volume 2-20 
ml) C. Action potential evoked by 
the distant exposure to 5 μΐ 124 mM 
K+ in medium containing 1 0 μΜ 
BAY K8644. 
density-arrest (Van Zoelen, 1991). We recently showed that spontaneous repetitive mem­
brane potential depolarizations were observed in approximately 50% of monolayer cultures 
of density-arrested NRK cells (Chapter 5; de Roos et al., submitted). Although these depo­
larizations showed the characteristics of action potentials, the spontaneous occurrence of the 
depolarizations in these cells, did not allow a further study on the mechanism of propaga­
tion and induction of action potentials. 
In contrast to the density-arrested cells, quiescent NRK fibroblasts never exhibited spon­
taneous action potential-like depolarizations. In order to investigate if depolarization of qui­
escent NRK cells resulted in induction of action potentials, the effect of bradykinin (BK) 
was measured both at the site of application of the agonist and distant from the site of its 
application in confluent quiescent monolayers of these cells. By the application of a small 
volume (5 μ1) of 10 nM BK in a large volume of medium (2.5-20 ml) it was ensured that only 
a small part of the monolayer was exposed to stimulatory concentrations of the agonist. In 
cells located at the site of application, BK could induce a fast action potential-like depolari­
zation (spike; Fig. 2A) that preceded a sustained depolarization. We have previously shown 
that this sustained depolarization, which could last up to 15 minutes, is caused by an in­
crease in a Ca +-activated СГ conductance (de Roos et al., 1997) due to the release of Ca + 
from intracellular stores (Afink et al., 1994). 
In cells of the monolayer that were located at a distance far enough to prevent direct ac­
tivation by a stimulatory concentration of BK (cf. Fig. 1A; distant stimulation), an action 
potential could be induced (Fig. 2B). This action potential could also be induced by depo­
larization of a small part of the monolayer by the distant addition of a small volume of an 
elevated concentration (124 mM) of extracellular K+ ([K+]
e
; Fig. 2C). 
These distantly evoked action potentials were seen in quiescent NRK cells in about 10% 
of the monolayer cultures when tested with normal Ca +-containing media. The probability 
of the occurrence of the action potentials could be increased (to about 25%) by incubating 
the cells with the L-type calcium channel activator (Schramm et al., 1983; Ferrante et al., 
1989) BAY K8644 (Fig. 2C), indicating that L-type Ca'+ channels are involved in the genera­
tion of the action potential. However, the incidence of the action potentials could be mark­
edly increased to almost 100% when media were used in which Ca + was replaced by Sr +. 
In this respect, quiescent NRK cells differ from density-arrested cells where spontaneous 
action potentials occur in physiological media. 
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Fig 3 Action potentials in Sr -
containing media. Effect of BK on 
membrane potential A in N R K fi­
broblasts that were directly exposed to 
a small volume (5 μΙ) of 10 nM BK and 
B. in cells that were located at a dis­
tance (105 mm) from the site of stimu­
lation (cf Fig 1A) С The effect of 
direct and D. Distant stimulation in 
the presence of 1 0 μΜ felodipine. 
Nifedipine (1 0 μΜ) had the same 
effect as felodipine (not shown) All 
measurements were performed in 
media containing 3 mM Sr with no 
Ca** added Traces are typical for at 
least 6 experiments. 
The ability of Sr + to substitute for Ca + indicated a role for extracellular Ca + influx 
through Ca ' channels, since it is well known that Sr + can permeate Ca + channels (Hess et 
al., 1986). Since action potentials could be consistently generated in media in which Sr 
substituted for Ca +, we decided to use Sr +-containing media to study the mechanism un­
derlying the generation and propagation of the action potential. An additional benefit of 
Sr '-containing media is the better solubility of Sr + in bicarbonate-based buffers, thus al­
lowing to increase the divalent cation concentration in the medium. Barium ions could not 
be used as a charge carrier, since Ba + blocks K+ channels (Hille, 1992) and thus depolarized 
NRK cells (not shown). 
Figure ЗА shows the effect of direct stimulation by BK on the membrane potential of 
quiescent NRK fibroblasts in Sr +-containing media. Also in these media, direct stimulation 
with BK induced a fast depolarizing spike (cf. Fig. 2A), followed by a sustained depolariza­
tion. The distant stimulation by BK induces an action potential (Fig. 3B), similar to the ones 
in Ca +-containing media, although the peak values of the action potential became more 
pronounced when the cells were incubated in media containing elevated [Sr + ] . This action 
potential was characterized by a fast upstroke, followed by a plateau phase after which 
membrane potential quickly returned to resting levels. Once initiated, the action potential 
propagated in an all-or-none fashion, independently of the distantly applied concentration 
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Fig. 4 Propagation of action potentials in monolayers of NRK cells. A. Delay of the ac­
tion potential (mean ± SD, η-8) as a function of the distance from the patch pipette. Five 
μΐ 124 mM K+ was added at the indicated distances from the recording pipette Similarly, 
addition of 5 μ\ 10-100 nM BK evoked action potentials, but with a slightly larger delay. В 
and С Propagation of the action potential. Two cells at 700 (im from each other were 
patched A propagating action potential was evoked by the distant application of high Κ , 
in line with the two patched cells (cf Fig IB), in such a way that the action potential first 
reached patched cell number 1 and then number 2 (B) or vice versa (C). All measurements 
were done with 3 mM Sr + in the medium. 
of either K+ or BK, characteristic for an action potential. The possibility of the action po­
tential being caused by BK or K+ diffusing from the site of application to the recording site 
was ruled out by the observation that it did not occur when the monolayer was interrupted 
by a three-cell wide scratch (not shown), demonstrating that intercellular communication is 
necessary for the propagation. 
The L-type Ca + channel blocker felodipine (Spedding and Paoletti, 1992; Walton and 
Symes, 1993) completely blocked the fast transient spike in cells located at the site of appli­
cation of BK without affecting the sustained depolarization (Fig. 3C). The action potential 
was also blocked by the L-type Ca + channel blocker nifedipine (Spedding and Paoletti, 
1992; Tsien and Tsien, 1990) (not shown). These results indicate that opening of L-type Ca 
channels is responsible for the spike depolarization, but not for the sustained depolarization 
caused by BK. Moreover, felodipine and nifedipine completely blocked the action potential 
in cells that were not directly exposed to BK (Fig. 3D), showing that opening of L-type Ca + 
channels is necessary for the appearance of the action potential. 
To determine the conduction velocity of the propagating action potential, action poten­
tials were induced at several distances from the recording pipette (cf. Fig. 1A) and the result­
ing delay was measured. Figure 4A shows that this delay increased linearly with the distance 
and corresponds with a conduction velocity of 6.1 mra/s (r =0.994). At all distances tested, 
the shape of the action potentials was similar, showing that the action potential propagated 
over very long (more than 105 mm) distances in an all-or-none fashion, thereby transiently 
depolarizing millions of cells. The propagation of the signal was also demonstrated by using 
two electrodes that were up to 900 /¿m apart (cf. Fig. IB). An action potential was induced 
by the distant application of K+ on either side of the two electrodes used, causing the 
propagating action potential first to reach the pipette nearest to the site of depolarization. 
Figures 4B and С show the resulting delays in the measurement of the action potential. The 
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[K+] t Medium contained 3 mM Sr2+ with no added Ca2*. When the [SrCl2] (A) or [KCl] 
(В) was raised, [NaCl] was adjusted to maintain osmolanty. 
time delay measured in this set-up corresponds to a conduction velocity of 5.4 ± 0.8 mm/s 
(mean + SD; η = 5), which is in good agreement with the value obtained from Fig. 4A. 
These results show that the action potential propagates at a constant speed through the 
monolayer. 
The apparent involvement of L-type Ca + channels that emerges from the findings in 
Figs. 2 and 3, pointed to a direct role for divalent cation influx through Ca + channels in the 
generation of the action potential. Consequently, it may be expected that the peak value of 
the action potentials will be sensitive to changes in the external divalent cation concentra­
tion. The dependence of the peak potential on [Sr + ]
c
 is shown in Fig. 5A. The peak poten­
tial increased linearly with the logarithm of [Sr + ]
e
. The slope of the graph is 29 mV per 10-
fold increase (r =0.996) in the [Sr + ]
e ) as expected for a Sr
 +
-electrode (Hille, 1992). This 
indicates that the spike depolarization is solely caused by an increased Sr , and therefore 
Ca +, permeability. 
L-type Ca + channels are activated by depolarizations beyond a threshold value of -10 to 
-20 mV (Tsien et al., 1988; Tsien and Tsien, 1990). Since well-coupled monolayers cannot be 
uniformly voltage-clamped (Armstrong and Gilly, 1992), increasing concentrations of K+ 
were perfused to the cells to progressively depolarize the cells. Figure 5B shows that only 
concentrations of K+ that depolarized the cells beyond -15 mV were able to produce the all-
or-none action potentials, which is similar to the reported threshold value of L-type Ca + 
channels (Tsien et al., 1988; Tsien and Tsien, 1990). We recently showed that in single, 
trypsinized NRK cells, L-type voltage-dependent Ca + currents can be evoked with a 
threshold value of around -20 mV and a peak current at 0 mV (Chapter 5; de Roos et al., 
submitted). 
Low [Na+]
e
 had no significant effect on the shape or duration of the distantly evoked 
action potential (Fig. 6C), nor had the potent Na+ channel blocker tetrodotoxin (Fig. 6D; 
Narahashi, 1974), which demonstrates that there is no Na+ component to the action poten-
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Fig. 6 Characterization of the action potential Action potentials were evoked by the 
distant (20-105 mm) addition of 10 μ\ 124 mM K+, unless otherwise noted (bath volume 
2 5 ml) Distant stimulation with 10 μ\ 10 nM BK had a similar effect A Control B. 
Action potentials evoked in medium containing 9 mM N a * . С Action potential in the 
presence of 1 0 μΜ tetrodotoxin D Action potential evoked in 5 mM CI E Action 
potential in cells loaded with BAPTA before stimulation with К* BK was unable to 
evoke a Ca - * transient or action potential in these BAPTA-loaded cells (not shown). F 
Action potential evoked by 1 0 μΜ BAY K8644 (-) alone All media contained 3 mM Sr * 
with no Ca * added. 
tial. Low Cl media (Fig. 6D) changed the shape of the plateau phase of the action potential, 
without affecting the depolarizing spike, showing that the plateau phase is caused by an in­
crease in СГ conductance of the plasma membrane. Buffering [Ca """], by loading the cells 
with the Ca + chelator BAPTA abolished the plateau phase (Fig. 6E). These results indicate 
that the plateau phase involves a Ca +-activated Cl" conductance. The overall effect of a 
Ca +-activated Cl" conductance is therefore a lengthening of the Ca + action potential. In 
BAPTA-loaded cells action potentials could still be induced by a high [K + ]
c
, but not by BK, 
showing that the depolarization by BK is [Ca" + ],-dependent. In summary, these results show 
that the upstroke of the action potential is solely mediated by a Ca influx and is therefore 
aCa * action potential (Hagiwara and Byerly, 1981), whereas the plateau phase is caused by 
an increased Ca +-mediated Cl'conductance. 
The involvement of L-type Ca + channels was further supported by the finding that ac­
tion potentials could be induced by the distant stimulation with the L-type Ca + channel 
activator BAY K8644 (Schramm et al., 1983; Ferrante et al., 1989) (Fig. 6F). Thus, in Ca2+-
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Fig 7 Ca2* and Sr * influx measurements during an action potential. A Increase in 
[Ca~*], after the distant induction of an action potential in normal DF medium 
(containing 1 8 mM Ca"*) with 1 0 μΜ BAY К 8644 The average increase in [Ca *], of 
about 100 cells in the monolayer (0 16 mm ) after initiation of an action potential by local 
depolarization with 5 μΐ 124 mM K* at 20 mm distance is shown The inset shows the 
response in 8 individual cells, that were randomly chosen from the measured cells В 
Changes in Fura-2 fluorescence by influx of Sr * through Ca * channels were used as a 
measure of Ca2* influx (Ozaki et al., 1992; Kwan and Putney, 1990). The inset shows 8 
individual cells. The delay between initiation and increase in [Sr ], and [Ca ], was 3-4 s 
containing media, incubation with BAY K8644 favors the induction of action potentials by 
a depolarizing stimulus (Fig. 3C), but in Sr + containing media BAY K8644 can evoke action 
potentials by itself, indicating an increased activity of L-type Ca + channels in Sr +-
containing media. 
The involvement of voltage-dependent Ca + channels in the action potential implied an 
influx of Ca + (or Sr + when this ion was used as a charge carrier) through these channels 
during an action potential, and therefore an increase in [Ca" + ], or [Sr +],. Dynamic video 
imaging with the fluorescent probe Fura-2 was used to simultaneously monitor the influx of 
Sr"+ or Ca + of about 100 cells of the monolayer. Fura-2 can not only be used to measure 
Ca~+ influx but also for Sr + influx, although the affinity of Fura-2 for Sr + is lower than 
that for Ca + (Kwan and Putney, 1990; Ozaki et al., 1992). Figure 7A shows the average 
increase in [Ca +\ in all measured cells after the distant induction of an action potential in 
normal, Ca +-containing medium. The inset in Fig. 7A shows the [Ca + ], response in eight 
individual cells. These results demonstrate that the propagating action potential causes a 
virtually synchronous transient increase in [Ca + ] , by influx of Ca + in all cells of the mono­
layer. Also, action potentials could be evoked in media containing Sr + (cf. Fig. 3). Figure 7B 
shows the synchronous increases in [Sr + ] , caused by the propagating action potential in 
these Sr +-containing media. The transient increases in Ca + and Sr*+ in Figs. 7A and В show 
that Sr + influx can be used to monitor Ca + influx. The duration of the increase in [Ca"*], 
is similar to that of the change in membrane potential during an action potential. Also, the 
delay between the induction and measurement of the Ca + transient or action potential (cf. 
Fig. 4A) was similar. These results show that depolarization of only a small part of the 
monolayer is sufficient to generate a propagating electrical signal in the monolayer that is 
73 
Chapter 6 
transduced into a chemical signal, namely a almost synchronized transient increase in [Ca ], 
throughout the entire monolayer. 
D I S C U S S I O N 
The finding that monolayers of fibroblasts are excitable elucidate a new aspect of fundamen­
tal importance in the signaling of these cells, since these cells were hitherto considered to be 
a classical example of non-excitable cells (Berridge, 1993; Harootunian et al, 1991; Putney, 
1993). The present data show that local application of physiological concentrations of an 
agonist like BK can induce a fast transient increase in [Ca 4 ] , in large numbers of cells that 
were not directly exposed to the stimulus. The Ca + action potentials reported here provide 
a mechanism for intercellular communication which is several orders of magnitude faster 
than the reported IPj-dependent intercellular Ca + waves in fibroblasts and non-excitable 
cells (50-100 μπι/s; see Sanderson et al., 1994), although slower than action potentials in 
nerve (1-100 m/s) or muscle (0.1-1 m/s), probably due to the electrical parameters of the 
fibroblast monolayer and the channels involved (Hille, 1992). 
Electrical coupling between cells is a prerequisite for the intercellular propagation of 
action potentials. Fibroblast(-like) cells can be electrically coupled to each other (Hashizume 
et al., 1992; Jester et al., 1995; Salomon et al., 1988), and may even form three-dimensional 
communicating networks in vivo (Komuro, 1990). Fibroblasts can also be electrically cou­
pled to other cells (Hunter and Pitts, 1981), and in this way may play a role in the synchro­
nous or coordinated behavior of tissues. For example, fibroblasts are electrically coupled to 
myocytes and can transmit action potentials (Rook et al., 1992), but fibroblasts can also res­
cue excitability of dysgenic myotubes (Courbin et al., 1989). We hypothesize that fibro­
blasts play an active role in the initiation and transduction of electrical signals involved in 
the coordination of multicellular activities. 
In animal cells, action potentials depend on a regenerative depolarization, caused by 
voltage-dependent ion channels that open upon a depolarization. Depolarization with either 
BK or high extracellular K+ evoked action potentials in NRK cells. Since the resting mem­
brane potential is determined by a K + conductance and is therefore dependent on the con­
centration gradient of K+, elevating the extracellular K+ concentration directly depolarizes 
the cells. BK, however, releases Ca"+ from intracellular stores leading to an increase in 
[Ca ]„ which opens a Ca -activated СГ conductance with a concomitant depolarization (de 
Roos et al., 1997). Therefore, by opening of а СГ conductance via an increase in [Ca2 + ]„ BK 
indirectly depolarizes the cells. 
The following mechanism for the generation of action potentials is proposed. Depolari­
zation by either high extracellular K + or by BK depolarizes the cells beyond the threshold 
value for L-type Ca + channels, causing these channels to open. Opening of Ca 2 + channels 
generates an influx of Ca + in the cells with a concomitant further depolarization towards 
the equilibrium potential for Ca + ions. Transduction of this depolarization to neighboring 
cells via gap junctions results in the regenerative opening of Ca 2 + channels in these cells, 
resulting in active propagation of the signal through the whole monolayer. The influx of 
Ca + during the action potential opens a Ca +-activated CI conductance, responsible for the 
plateau phase. 
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The following evidence for the involvement of L-type Ca2+ channels was obtained: (i) 
the action potentials could be blocked by the well-characterized L-type Ca + channel block-
ers felodipine and nifedipine (Spedding and Paoletti, 1992; Tsien and Tsien, 1990; Walton 
and Symes, 1993) (n) action potentials could be induced by the L-type calcium channel acti-
vator BAY K8644 (Ferrante et al., 1989; Schramm et a l , 1983), and (m) the observed 
threshold value for opening corresponds well with the reported value for L-type Ca chan-
nels in the literature (Tsien et al., 1988; Tsien and Tsien, 1990). Moreover, we recently 
showed directly by means of voltage-clamp measurements in single, trypsinized NRK cells 
that these fibroblasts indeed possess L-type Ca2+ channels (Chapter 6; de Roos et al., submit-
ted). 
L-type Ca2+ channels have also been shown to be present in mouse Balb/c 3T3 (Lovisolo 
et a l , 1988), human foreskin (Baumgarten et al., 1992), mouse Swiss 3T3 (Chen et al., 1988), 
and in REF52 fibroblasts (Harootunian et al., 1991), whereas in Swiss 3T3 cells also T-type 
Ca2+ channels have also been found (Peres et al., 1988). So far, a function for these voltage-
dependent Ca2+ channels in fibroblasts has been unclear. Our results suggest that they may 
function in the generation and propagation of action potentials. We are currently investigat-
ing whether Ca + action potentials can also be generated in other monolayer cultures of 
fibroblasts that contain voltage-dependent Ca + channels. 
L-type Ca2+ channels are inhibited by high [Ca2+], (Haack and Rosenberg, 1994), and 
Ca2+ action potentials are more easily evoked under conditions of low [Ca ], (Hagiwara 
and Nakajima, 1966). When Sr2+ was used as the charge carrier, with no Ca + added to the 
medium, action potentials in quiescent NRK cells could be consistently generated by expo-
sure to either BK or an elevated [K+]c. Therefore, these Sr +-containing media have been 
used in this study to investigate the induction and propagation of action potentials in N R K 
cells. It is hypothesized that incubation of the cells in low Ca +-media, which results in a 
decrease of the [Ca +]„ could be responsible for the loss of inhibition of the L-type Ca 
channels by [Ca +\, causing them to open more easily. 
The present findings show that activation of L-type Ca + channels can evoke action po-
tentials in NRK fibroblasts. The action potentials reported here are similar to the spontane-
ous action potential-like depolarizations (Chapter 6; de Roos et al., submitted) seen in NRK 
cells that are grown to density-arrest in the presence of epidermal growth factor (Afink et 
al., 1994; Van Zoelen, 1991), and it is concluded that Ca + action potentials underlie these 
spontaneous depolarizations. The fact that density-arrested NRK monolayers exhibit spon-
taneous action potentials in normal Ca -containing media may implicate an increased activ-
ity of L-type Ca + channels at higher cell densities, and thus that activity of these Ca + 
channels is modulated by cell density. A role for the activity of Ca channels in the inci-
dence of action potentials is in agreement with the observation that, in calcium-containing 
media, occurrence of action potentials in quiescent cells was markedly increased when they 
were incubated with the L-type channel activator BAY K8644. 
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Transduction of Electrical Signals Between Coupled Fibroblasts and 
Epithelial Cells 
Albert D G de Roos, Everardus J J van Zoelen, and Alexander Ρ R 
Theuvenet 
ABSTRACT 
The transduction of electrical signals between a fibroblast cell line and an 
epithelial cell line, both derived from normal rat kidney, was investigated Co-
culture of the two cell types resulted in islands of epithelial cells within a 
monolayer of fibroblasts Capacitance measurements demonstrated that the 
cell types were electrically coupled to each other In co-culture, bradykinin 
evoked a depolarization instead of an hyperpolanzation in the epithelial cell 
line, thereby following the depolarization normally evoked by bradykinin in 
the fibroblasts Moreover, propagating action potentials that were induced in 
the fibroblasts were transduced to the epithelial cells These results show that 
electrophysiological responses can be modulated by heterocellular communi­
cation and point to a potential function for fibroblasts in the responses of cells 
to stimuli 
INTRODUCTION 
Gap junctional intercellular communication plays an important role in many biological 
processes such as embryonic development, entrainment of synchronous activity, control of 
pattern formation, cell proliferation and secretion (Bruzzone et al , 1996, Kumar and Guida, 
1996) The functional subunits of gap junctions, the connexins, are expressed in many cell 
types and, therefore, cells can form communicating compartments not only with identical 
cells, but also with other cell types (Bruzzone et al , 1996, Kumar and Guilla, 1996) How­
ever, little is known about the physiological function of heterocellular coupling 
Fibroblasts have shown to be electrically well coupled, both in vitro and in vivo 
(Komuro, 1990, de Roos et al , 1996) Moreover, fibroblasts can also be coupled to for in­
stance epithelial cells (Hunter and Pitts, 1981), myocytes (De Maziere et al , 1992), and cells 
from the immune system (Oliani et al , 1995) In the present study, intercellular communi­
cation was studied between a fibroblast cell line (NRK 49F) and epithelial cell line (NRK 
52E) that were both derived from normal rat kidney (de Larco and Todaro, 1978) It is 
shown that in co-culture, fibroblasts modulate the response of epithelial cells to bradykinin 
and also that action potentials induced in the fibroblasts can be transduced to the epithelial 
cells 
MATERIALS AND METHODS 
Cell culture NRK fibroblasts (clone 49F) were seeded at a density of 1 0 IO4 cells/cm2 as 
described in de Roos et al (1997) After one day, 1 ΟΙΟ4 cells/cm2 NRK epithelial cells 
77 
Chapter 7 
Fig. 1 Co-culture of fibroblasts and 
epithelial cells. The epithelial cells 
(NRK 52E) grow as islands between 
swirls of fibroblasts (NRK 49F). 
(clone 52E) were seeded on top of the fibroblasts. On the fourth day, the epithelial cells had 
formed islands of 10-300 cells, surrounded by swirls of fibroblasts (Fig. 1). Cultures were 
used in which the epithelial cells formed islands of 20 to 300 cells and comprised in total 20-
30% of all cells. For the experiments in monoculture, either cell line was seeded at 1.010 
cells/cm and grown to confluence in four to five days. 
Voltage and current clamp measurements: For whole cell patch clamp studies, cells were 
incubated in DF (DMEM, Ham's F12, 1:1; pH 7.4) medium. Capacitance measurements 
were performed as described (de Roos et al., 1996; 1997). In short, one cell of a cluster of 
cells was patched in the whole-cell configuration and a voltage pulse of 10 mV was given. 
Capacitance was calculated from the resulting current transient. Current clamp measure­
ments were performed as described. Propagating action potentials were induced by depolari­
zation with 120 mM KCl in a nominal calcium-free DF medium, supplemented with 3 mM 
Sr + as described (Chapter 6; de Roos et al., submitted). 
RESULTS 
Electrical coupling of epithelial cells (NRK 52E) in mono- and co-culture with fibroblasts 
(NRK 49F) was investigated using capacitance measurements. Basically, the capacitative cur­
rent transient, resulting from a short voltage pulse applied to a single cell, can be used to 
investigate whether neighboring cell are charged via gap junctions. Figure 2A and В show 
the resulting current transient from a single epithelial cell, and from a cluster of 19 cells, 
respectively. The larger area under the curve in a cluster of cells, when compared to a single 
cell, shows that the cluster of cells can be charged via the patched cell, and thus, that the 
epithelial cells are electrically coupled. In an island of 18 epithelial cells surrounded by a 
monolayer of fibroblasts (Fig. 2C), the resulting current transient is much larger than in the 
isolated cluster of cells, indicating additional charging of neighboring fibroblasts via gap 
junctions. This current transient derived from a cluster of epithelial cells in co-culture with 
fibroblasts is similar to the characteristic transient in a monolayer of electrically well-
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coupled fibroblasts (Fig. 2D; see also de Roos et al., 1996). These results show that in co-
culture the epithelial cells are electrically coupled to the fibroblasts. 
Intercellular coupling permits the transduction of electrical signals between cells. Brady­
kinin, which depolarizes N R K fibroblasts (Fig. ЗА) from a resting membrane potential of 
-69.5 ± 0.8 mV (mean ± SEM; n = 34) to -19 ± 2.9 mV (n = 8) via a Ca2""-activated Cl" conduc­
tance (de Roos et al., 1997), was used as a tool to investigate the role of intercellular coupling 
in membrane potential responses. In contrast to the depolarization in fibroblasts, bradyki-
nin induced an hyperpolarization, from a resting membrane potential of-39.4 ± 1.8 (n = 8) to 
-53.5 ± 2.5 (n = 6), in monolayers of the epithelial cells (Fig. 3B). However, when membrane 
potential was measured in an island of epithelial cells in co-culture with the fibroblasts, the 
epithelial cells showed a depolarization to -16.5 ± 1.4 (n = 4; Fig. 3C). Resting membrane 
potential of the epithelial cells was more negative than in monoculture, -55.3 ± 3.2 mV 
(n = l l ) , which was not significantly different from the membrane potential in fibroblasts in 
co-culture, -52.7 ± 5.8 mV (n = 3). These results show that depolarizations can be transduced 
from fibroblasts to epithelial cells, and moreover, that the response of epithelial cells to ago­
nists like bradykinin is dependent on heterocellular communication. 
Propagating calcium action potentials can be induced in monolayers of N R K fibroblasts 
(Chapter 6; de Roos et al., submitted), which gave an unique opportunity to look more di­
rectly at the transduction of electrical signals between the fibroblasts and the epithelial cells. 
Figure 4A shows an action potential in N R K fibroblasts resulting from a locally induced 
depolarization at a distance from the measuring patch clamp pipette. Figures 4B and С show 
the resulting action potential in fibroblasts and epithelial cells, respectively, in co-culture. 
Propagating action potentials could not be induced in epithelial cells alone (Fig. 4D). These 
results clearly show that action potentials can be functionally transduced between different 
cell types. 
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Fig 3 Membrane potential responses evoked by bradykinin. Response to 100 nM bradyk-
min in A A monolayer of fibroblasts, В A monolayer of epithelial cells, and С Epithelial 
cells in co-culture with fibroblasts 
DISCUSSION 
Many cell types, including fibroblasts, can be coupled to other cell types, both in vivo and 
in vitro (Hunter and Pitts, 1981; De Mazière et al., 1992; Oliani et al., 1995). It has been es-
tablished that distinct connexins are expressed in more than one tissue and that a single cell 
type can express one or several connexins, giving the opportunity for gap junctional cou-
pling between cell types. However, until now little is known about the function of hetero-
cellular coupling (Bruzzone et al., 1996; Kumar and Gulila, 1996). In the present study, elec-
trical communication was studied between an epithelial and a fibroblast cell line that were 
both derived from the same tissue, normal rat kidney, which provided a model system to 
study heterocellular coupling. Our data showed that the epithelial cells were not only elec-
trically coupled to each other, but also to the fibroblasts. Electrical coupling was also re-
flected by the fact that the value of the membrane potential in co-cultures was between the 
values of the monocultures. 
Electrical signals, such as depolarizations by bradykinin and induced action potentials, 
could be transduced from fibroblasts to epithelial cells. The epithelial cells normally respond 
to bradykinin with a hyperpolarization, but coupling to the fibroblasts caused the opposite 
response in the epithelial cells, a depolarization. This shows that the response to certain 
agonists can be strongly influenced by heterocellular communication. Also, cells that do not 
have receptors for certain agonists, may still be activated when they are coupled to cells that 
do have these receptors. 
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We recently showed that propagating action potentials can be induced in monolayers of 
NRK fibroblasts (Chapter 6; de Roos et al., submitted). Epithelial NRK cells do not show 
this behavior (Fig. 4D). In this study, we showed that action potentials can be transduced 
between two different cell types. Thus, the effects of action potentials do not need to be 
limited to excitable cells, but can be transduced to other cells which by themselves are not 
excitable. Since fibroblasts can form communicating networks in tissues (Komuro, 1990) 
and can be coupled to other cells, heterocellular transduction of these action potentials may 
have a function in coordinating synchronous responses in tissues. 
In conclusion, we showed that electrical signals can be transduced between different cell 
types and that heterocellular coupling may modulate the response of tissues to external 
stimuli. 
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General Discussion 
Regulation of cell growth by intercellular communication, membrane potential and intracellular 
calcium 
Density-dependent growth inhibition is an important mechanism by which normal, non-
transformed cells become limited in their growth. Normal rat kidney (NRK) fibroblasts can 
be used a model system for density-dependent growth control since these cells can be cul­
tured with or without density-dependent growth inhibition. When quiescent, serum-
deprived cells are cultured in the presence of epidermal growth factor (EGF) as the only 
growth factor present, these cells will grow until their proliferation becomes limited at high 
cell densities (van Zoelen et al., 1988; van Zoelen 1991b). The loss of this density-dependent 
growth inhibition which is accompanied by cellular transformation can be evoked by the 
treatment with additional growth factors (van Zoelen et al., 1988), such as transforming 
growth factor β (TGFß) or platelet-derived growth factor (PDGF). Thus, NRK cells provide 
an excellent model system to study not only the mechanisms underlying density-dependent 
growth inhibition but also the loss of such growth inhibition following cell transformation. 
One of the goals of this thesis was to investigate the involvement of biophysical parameters 
including intercellular communication, membrane potential as well as the intracellular cal-
cium concentration ([Ca *]) in the density-dependent growth control of NRK cells. 
It has been hypothesized that an increase in intercellular communication at high cell den-
sities could mediate growth inhibition (Loewenstein, 1981). It has been shown in BALB/c 
3T3 cells that gap junctional intercellular communication is necessary for density-dependent 
growth inhibition (Ruch et al., 1995) and that intercellular communication could restore the 
loss of density-dependent growth arrest in transformed epithelial cells (Chen et al., 1995). It 
was shown in the present studies that even small clusters of NRK fibroblasts (10 cells and 
less) are already electrically well coupled. Capacitance (de Roos et al., 1996; Chapter 2) and 
dye coupling (Chapter 3) experiments showed that also quiescent cells, which are still capa-
ble of growth when stimulated by EGF, are intercellularly well-coupled. Although no dye 
coupling experiments were performed in transformed fibroblasts, capacitance measurements 
indicated that these cells were electrically coupled as well (de Roos, Peters, van Zoelen and 
Theuvenet, unpublished), showing that uncoupling of the cells is not a prerequisite for 
transformation. In support of this concept, it has been shown that other transformed cells 
that lack density-dependent growth inhibition, still have high levels of intercellular commu-
nication. (Enomoto and Yamasaki, 1985). 
It remains to be established, however, whether cell uncoupling is sufficient to induce 
transformation in NRK cells. It has been shown that inhibitors of gap junctions can cause 
transformation of cells, although this is generally a long-term process and may involve an 
indirect, possibly genotoxic, effect of these gap junction blockers (Holder et al., 1993; Ruch, 
1994; Yamasaki, 1996). Although gap junctional communication can be blocked in NRK 
cells by fenamates (Chapter 3) or the activation of protein kinase С by TPA (de Roos et al., 
1996; Chapter 2), fenamates nor TPA are able to phenotypically transform NRK cells. 
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However, this lack of effect on transformation does not have to relate to a block of com-
munication since prolonged treatment with fenamates is toxic to the cells (unpublished) and 
the effect of TPA on gap junctional communication is reversible upon prolonged treatment 
with TPA (Chapter 3) Therefore, the possible role of gap junctions in transformation of 
NRK cells remains unknown 
Another hypothesis concerning the role of intercellular communication in cell growth is 
that the absence of gap junctional communication between tumor cells and normal cells, the 
so called heterologous gap junctional communication, plays an important role in clonal ex-
pansion of tumor cells (Mesnil and Yamasaki, 1993) According to this hypothesis, heterolo-
gous gap junctional intercellular communication is able to suppress tumongenicity Al-
though phenotypically transformed NRK cells show homologous intercellular communica-
tion, it is not known whether these cells can communicate with normal NRK cells It may 
also be interesting to know whether normal, non-transformed NRK cells have the ability to 
suppress growth of transformed cells 
The density-dependent modulation of membrane potential has also been proposed to be 
involved in density-dependent growth control (Binggeli and Weinstein, 1985, 1986) In 
epithelial cells derived from normal rat kidney, it has been shown that the membrane hy-
perpolanzes when a certain cell density is reached (Binggeli and Weinstein, 1985) In NRK 
fibroblasts, this phenomenon was not observed (Chapters 3 and 4) Confluent cultures of 
cells have more negative membrane potentials than single cells and cells in subconfluent cul-
tures, but membrane potential is not different between exponentially growing confluent 
cells, serum-deprived quiescent cells, or density-arrested cells Therefore, membrane poten-
tial does not seem to be involved directly in density-dependent growth control of NRK fi-
broblasts 
Recently, it has been found that phenotypically transformed NRK fibroblasts have a 
more depolarized membrane potential, around -30 mV, than normal NRK cells (de Roos, 
Peters, van Zoelen and Theuvenet, unpublished) This depolarization was reversible when 
the cells were incubated in fresh culture medium whereafter the transformed cells acquired a 
membrane potential of -65 mV The incubation of density-arrested cells with medium con-
ditioned by transformed fibroblasts evoked a rapid depolarization in these cells, indicating 
the presence of a depolarizing substance which has been secreted by transformed cells This 
depolarization was prevented when medium was taken conditioned by transformed cells in 
the presence of cyclooxygenase inhibitors, suggesting the involvement of a prostaglandin 
derivative However, conditioned medium from transformed fibroblasts nor a depolariza-
tion per se was able to induce loss of density-arrest in NRK cells Therefore, the role of the 
putative prostaglandin derivative, whose identity is currently being investigated, in growth 
control of NRK cells remains to be established (de Roos, Peters, van Zoelen and Theuvenet, 
unpublished) 
Several growth factors that modulate cell proliferation are also capable of inducing an 
increase in the intracellular Ca + concentration Bradykinin evokes a Ca + increase (Afink et 
al, 1994) in NRK cells, followed by a Ca +-dependent depolarization (de Roos et al., 1997, 
Chapter 4) BK is also able to inhibit the phenotypic transformation by RA and TGFß, an 
effect that is not mimicked by prostaglandin F2a (PGF2o) which however evokes a similar 
Ca + increase and depolarization as BK (van Zoelen et al , 1994, Afink et al, 1994) There-
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fore, it is unlikely that the block of phenotypic transformation of NRK cells by BK is re-
lated to a Ca2+ increase or depolarization. Moreover, density-dependent differences observed 
in the ability of growth modulating factors to evoke Ca + or IP3 responses have never been 
observed (de Roos, van Zoelen and Theuvenet, unpublished). 
A role for intracellular Ca2+ and Ca2+ channels in growth control of NRK cells was in-
dicated by the fact that spontaneous Ca2+ action potentials could be observed in density-
arrested cells, but never in quiescent cells (Chapter 5). These action potentials are caused by 
the regenerative opening of L-type Ca + channels. The influx of Ca + during each Ca ac-
tion potential could potentially be involved in processes underlying density-arrest. 
In quiescent NRK cells, Ca + action potentials could be evoked by the addition of BAY 
K8644, an opener of L-type Ca + channels, or by local depolarization in a low Ca medium 
with Sr2+ as the charge carrier (Chapter 6). This demonstrates that also in quiescent cells 
action potential possess all the necessary components for the generation of an action poten-
tials. Therefore, the spontaneous occurrence of the Ca + action potentials in density-arrested 
cells can be best explained by an increased activity of L-type Ca channels in these cells. 
Since L-type Ca2+ channels are inhibited by high concentrations of [Ca +1 (Hagiwara and 
Nakajima, 1966; Haack and Rosenberg, 1994), the spontaneous occurrence of Ca + action 
potentials in density-arrested cells would indicate a lower basal level of the [Ca + ] , in these 
cells. This suggests that the [Ca + ] , may be regulated by cell density in such a way that a low 
concentration of Ca +, possibly achieved by a higher Ca +-ATPase activity, may inhibit 
proliferation of cells. A quantitative comparison of basal levels of [Ca ], between quiescent 
and density-arrested cells should give an answer to this hypothesis. In the experiments de-
scribed in this thesis, the [Ca + ] , was not determined quantitatively since we were mostly 
interested in changes in [Ca + ] , rather than the actual values. Although an increased activa-
tion of the L-type Ca channels, which underlie the Ca spikes, may indicate lower Ca 
levels, the presence of repetitive Ca + spikes itself in density-arrested cells argues against a 
role for decreased Ca + levels in growth inhibition of NRK cells. However, the existence of 
Ca + sensitive phases during cell proliferation has been suggested by studies on the Ca + 
binding protein calmodulin (Berridge, 1995a). In quiescent NRK cells, addition of 
calmodulin antagonists inhibited induction of proliferation (Bosch et al, 1994), and it can be 
speculated that lower basal levels of Ca + in density-arrested cells prevent activation of their 
proliferation due to an insufficient activity of calmodulin. 
Another factor that may be involved in the spontaneous occurrence of Ca + action po-
tentials is intracellular pH. The activity of L-type Ca + channels has been shown to be 
higher at more alkaline pH (Klöckner & Isenberg, 1994), and intracellular p H is higher in 
density-arrested than in quiescent cells (Van Zoelen and Tertoolen, 1991). Therefore, the 
activity of L-type Ca + channels could be higher in density-arrested cells, leading to sponta-
neous action potentials. The longer duration of the action potentials in density-arrested cells 
(Chapter 5) when compared to quiescent cells (Chapter 6), could also be explained by a 
higher activity of L-type channels in density-arrested cells. 
Although there are correlations between growth status of the cells and the occurrence of 
Ca + action potentials, spontaneous Ca + action potentials were also seen in transformed 
fibroblasts. Moreover, density-dependent growth inhibition could not be prevented by 
felodipine (de Roos, Peters, van Zoelen and Theuvenet, unpublished), an L-type Ca + chan-
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nel blocker and inhibitor of the Ca2 + action potentials (Chapters 5 and 6). The presence of 
felodipine did also not affect growth induced by EGF or RA. These results argue against a 
role for the Ca2+ action potentials in density-dependent growth control of NRK fibroblasts. 
The occurrence of these action potentials may therefore not be directly related to growth 
control, but instead reflect intracellular Ca + levels or intracellular pH. As will be argued 
below, it is proposed that the Ca + action potential may be involved in multicellular signal-
ing. 
Intercellular coupling via gap junctions and signaling 
Gap junctional communication plays an important function in several biological processes. 
Growth and development can be influenced by the formation of gradients of second mes-
senger molecules and the establishment of communicating compartments via intercellular 
coupling (Bruzzone, 1996). Gap junctional communication can also coordinate multicellular 
processes by the transduction of electrical signals, such as hyper- and depolarizations and 
action potentials (De Mello, 1994). It has been shown in this thesis that NRK fibroblasts are 
coupled, not only biochemically but also electrically (Chapters 2 and 3). One of the func-
tions of electrical coupling in these cells may be the stabilization of the membrane potential. 
Also, electrical signals evoked in one or a cluster of cells may be transduced to other cells. 
Electrical coupling may stabilize the resting membrane potential, causing small fluctua-
tions in membrane potential to be abolished (Chapter 3). These stabilizing effects are also 
illustrated by the fact that low concentrations of bradykinin do often not evoke a mem-
brane potential response, although these concentrations do evoke an increase in [Ca \ in a 
fraction of the cells in the monolayer (de Roos, unpublished). This indicates that intercellu-
lar coupling and the passive flow of electrical current can prevent a depolarization by Ca +-
activated CI channels when only a fraction of the cells in a monolayer is activated. The fact 
that injection of current via a patch clamp amplifier hardly changes the membrane potential 
of the cells, shows the passive spread of electrical current (Chapter 2). 
Another effect of electrical coupling, closely related to membrane potential stabilization, 
is the coordination of membrane potential responses. This is shown by the fact that depo-
larizations beyond a threshold are transduced to other cells causing propagating Ca + action 
potentials through the monolayer. Due to the strong electrical coupling in NRK fibroblasts, 
it may be expected that coupled cells, even if they have no receptors for substances like 
bradykinin (BK), will still be depolarized when their neighboring cells are treated with for 
instance BK, as was shown by the transduction of a depolarization by BK from fibroblasts 
to epithelial cells (Chapter 7). The stabilization and transduction of membrane potential 
changes are illustrated by experiments performed with two patch clamp electrodes to meas-
ure membrane potentials in different parts of a monolayer of NRK fibroblasts. Only small 
fluctuations in the membrane potential were observed, but these were shared by other cells 
in the monolayer (de Roos, unpublished). 
In conclusion, confluent monolayers of NRK fibroblasts are electrically well-coupled 
and in order to explain the electrical behavior of coupled cells in a monolayer, it must be 
taken into consideration that neighboring cells virtually act as an electrical syncytium. For 
further theoretical and experimental research on the transduction of electrical signals on 
NRK cells, it will be essential to know the parameters that influence passive spread of elec-
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trical current, such as gap junctional resistance, electrical distance and membrane resistance. 
Of note, preliminary evidence shows that during an action potential and the concomitant 
Ca2 + influx, intercellular communication, as measured by a recently described method 
(Mears et al., 1995), is not affected. Therefore, changes in membrane potential and a rise in 
[Ca2 + ], do not seem to affect gap junctional coupling in NRK fibroblasts. 
Intracellular calcium, membrane potential and signaling 
Many growth modulating factors including PDGF, PGF 2 a and BK induce an increase in 
[Ca2+], in NRK cells (Afink et al., 1994; de Roos et al., 1997). In this thesis, it has been 
shown that an increase in [Ca2 + ], can open Ca +-activated СГ channels concomitant with 
cellular depolarization (de Roos et al, 1997; Chapter 4). Opening of Cl" channels evokes a 
depolarization in fibroblasts, since the intracellular concentration of CI is high compared to 
other cells types and the reversal potential for CI' is about -20 mV (Lamb and MacKinnon, 
1971; Chao et al., 1989; Leeves and McDonald, 1995; Postma et al., 1996; de Roos et al., 
1997). Thus in fibroblasts, CI' channels give an opportunity for signaling via a depolariza­
tion, in contrast to for instance skeletal muscle in which the concentration of Cl" is low and 
chloride channels are thought to have a function in the stabilization of the membrane po­
tential (Hille, 1992). The presence of Ca +-activated Cl' channels implicates a role of the 
membrane potential after increases in the [Ca +],. This is illustrated by the fact that during a 
Ca2+ action potential, the influx of Ca"+ through the opening of Ca + channels lengthens 
the action potential considerably (Chapters 5 and 6). 
The intracellular Ca + concentration can affect the membrane potential, but the presence 
of voltage-dependent L-type Ca + channels implicates that membrane potential can also con­
trol the influx of Ca +. A depolarization beyond the threshold value for opening of these 
channels will cause an influx of Ca + through these channels. This is demonstrated by the 
induction of Ca + action potentials due to a depolarization, which is accompanied by a rise 
in the [Ca +],. Thus, there is a strong interplay between the [Ca + ] , and membrane potential. 
All these reciprocal interactions between Ca + and membrane potential are demonstrated 
in the case where BK induces Ca + action potentials. Bradykinin acts by first increasing 
[Ca *]„ thereby inducing a depolarization via Ca"+-dependent Cl channels. Transduction of 
this depolarization opens voltage-dependent Ca + channels in neighboring cells which in­
duces an intercellularly propagating action potential and an increase in [Ca *\ by an influx 
of Ca + during an action potential. This increase in the [Ca + ] , causes the opening of СГ 
channels and subsequent change of the membrane potential to the reversal potential for СГ. 
Propagating Ca * action potentials 
The propagating Ca action potentials observed in monolayers of NRK cells elucidate a 
remarkable phenomenon in these fibroblasts, because these cells were considered to be non-
excitable. With respect to the mechanism underlying the spontaneous occurrence and the 
propagation of these action potentials many intriguing questions remain. Action potentials 
in this study were induced by depolarizing a small fraction of the monolayer, but still in­
volves a large number of cells. It is not known, however, if action potentials can be evoked 
in single cells or whether this phenomenon requires a cluster of cells. Related to this prob­
lem is the question of how spontaneous action potentials occur. Is it a coordinated depolari-
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zation of a cluster of cells to the threshold for activation of the L-type Ca + channels, or is 
the stochastic behavior of single cells or channel activity responsible for the initiation of 
action potentials' The channel density and gap junctional resistance may also play a crucial 
role in the induction and propagation of action potentials (Hille, 1992, Sherman and Rinzel, 
1991) Further research on these processes will require an extensive knowledge of the activ-
ity and conductances of all the ion channels that are involved in the mechanisms underlying 
these action potentials, but will be hampered by the fact that space clamp problems occur 
when voltage-clamp experiments are performed in electrically coupled cells (Armstrong and 
Gilly, 1992) 
Potential role for fibroblasts in signaling 
The findings presented in this thesis point to an important role for fibroblasts m multicellu-
lar signaling It has been shown that fibroblasts can be extensively coupled to each other 
(Salomon et al, 1985, Komuro, 1990, Hashizume et al , 1992, Jester et al , 1995, de Roos et 
al , 1996) In various organs, including intestine, skin and kidney, fibroblasts form a three-
dimensional, communicating network (Salomon et al , 1985, Komuro, 1990) Therefore, it 
has been proposed that one of the functions of fibroblasts is the formation of an intercellu-
lar communicating network Since NRK fibroblasts are well coupled (Maldonado, 1988, de 
Roos et al 1996, Chapters 2 and 3) and signals can be transduced between cells, fibroblasts 
could play a role in the transmission and coordination of signals Depolarizations evoked by 
agonists such as bradykmin or prostaglandin F2a (de Roos et al, 1997, Chapter 4) in only a 
part of the communicating network could be transduced to other cells Action potentials 
could even be generated (Chapters 5 and 6), that could mediate the fast coordination of sig-
nals in tissues Since other fibroblasts have been shown to possess voltage-dependent ion 
channels as well (Chen et al , 1988, Lovisolo et al, 1988, Peres et al , 1988, Baumgarten et 
al , 1992), the generation of action potentials in communicating fibroblasts may be a general 
phenomenon in these cells 
A perhaps even more intriguing possibility is the intercellular transduction of signals, 
generated in fibroblasts, to other cell types Fibroblasts have been shown to be coupled to 
other cell types (Hunter and Pitts, 1981, Rook et al , 1992, Oliani et al , 1995) Heterocellu-
lar coupling has been shown to be important in several physiological processes For in-
stance, heterocellular communication between endothelial cells and smooth muscle cells has 
recently been shown to be important in the control of vascular pressure (Bény and Pacicca, 
1994) Moreover, it has been established that glia cells in the neural system play an impor-
tant role in the modulation and the generation of action potentials in neurons (Giaume and 
McCarthy, 1996) In this thesis it has been shown using a co culture of fibroblasts and 
epithelial cells as a model system, that electrical signals evoked in the fibroblasts are trans-
duced to the epithelial cells Although a physiological function for a depolarization and con-
comitant Ca + increase has not been established for fibroblasts, they may have profound 
effect on the physiological functions of other cell types 
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Summary 
Growth and differentiation processes form the basis for the development of a multicellular 
organism In order to form an adult organism cells have to proliferate, but this proliferation 
has to be tightly controlled Besides instructing when to divide, there also have to be signals 
that order cells to stop dividing The basic defect in cancer is the unresponsiveness of cancer 
cells to these control mechanisms of cell growth 
Normal, non-transformed cells become limited in their growth at high cell densities 
This process is known as density-dependent growth inhibition and is lost upon tumongenic 
transformation of cells The molecular mechanisms underlying density-dependent growth 
inhibition are only poorly understood Normal rat kidney (NRK) fibroblasts provide an 
excellent model system the investigate density-dependent growth control These cell become 
limited in their growth when cultured in the presence of epidermal growth factor as the 
only growth factor present, while the additional presence of growth factors such as trans­
forming growth factor β or platelet-derived growth factor causes a loss of density-arrest con­
comitant with cellular transformation In this thesis, the role of intercellular communica­
tion, membrane potential and the intracellular calcium concentration in density-dependent 
growth control was investigated with an emphasis on the effects of growth factors Since 
little was known on the electrophysiology of fibroblasts, first a basic knowledge of electro­
physiological parameters and the interaction with growth factors was established 
It was investigated if NRK fibroblasts showed gap junctional intercellular communica­
tion Using a new technique based on capacitance of cells to measure electrical coupling in 
clusters and monolayers of cells, it was shown that NRK cells show extensive intercellular 
communication This was confirmed using dye-coupling experiments Electrical coupling 
between NRK fibroblasts seems to stabilize the membrane potential of NRK cells, since 
single cells showed an unstable membrane potential, in contrast to cells grown to conflu­
ence Membrane potential destabilization was employed as a tool to investigate the block of 
intercellular communication and led to the discovery of a new class of gap junction block­
ers, the fenamates 
The effects of the phosphoinositide-mobilizing agonist bradykinin on membrane poten­
tial and [Ca +], in monolayers of NRK fibroblasts were investigated Bradykinin induced a 
rapid transient depolarization in these cells, which was caused by the opening of Ca +-
activated CI channels This effect was mimicked by other Ca + releasing factors such as 
prostaglandin F2<3 (PGF2a), lysophosphatidic acid (LPA) and platelet-derived growth factor-
BB (PDGF-BB), and demonstrated that depolarization is a general response to factors that 
increase the [Ca + ] , 
In density-arrested monolayers of NRK cells, spontaneous repetitive increases in the in­
tracellular Ca + concentration were observed These Ca + spikes were evoked by spontane­
ous Ca + action potentials that were caused by the regenerative opening of L-type Ca + 
channels Action potentials could also be induced in quiescent monolayers of fibroblasts by 
a depolarization beyond the threshold value for L-type Ca + channels with bradykinin or 
high K+ These action potentials propagated with a speed of 6 0 mm/s through the mono­
layer, resulting in an almost synchronous, transient increase in the [Ca2+]j in large numbers 
of cells These data show that electrically coupled fibroblasts can form an excitable syn-
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cytium and elucidate a novel mechanism of intercellular Ca + signaling in these cells. These 
results also illustrate the interplay between the [Ca + ] , and the membrane potential in NRK 
cells: increases in [Ca + ], induce a depolarization via Ca +-activated СГ channels while a de­
polarization in its turn can open voltage-dependent Ca + channels causing an influx of Ca +. 
NRK fibroblasts can be coupled to other cell types such as epithelial cells. It was demon­
strated that electrical signals evoked in the fibroblasts could be transduced to the epithelial 
cells. In this way, a response was evoked in the epithelial cells that was determined by the 
effect of the stimulant on the fibroblasts. Heterocellular coupling of fibroblasts may there­
fore have an important function in physiological processes. 
So far, no evidence has been found for a role of intercellular communication in growth 
control of NRK cells. Also, changes in membrane potential and [Ca +]¡ in response to 
growth factors do not seem to play a part in the density-dependent growth regulation. 
However, several issues such as the role of communication between transformed and non-
transformed cells, the basal [Ca +], levels and the role of ion channels in growth control of 
NRK cells still need to be addressed. Although further research may point to a role of 
membrane potential, intercellular communication or [Ca +], in growth regulation of NRK 
cells, at this moment the role of these electrophysiological parameters remains elusive. 
In conclusion, the mechanisms underlying cellular growth control and cell transforma-
tion were investigated using NRK fibroblasts as a model system. The research presented in 
this thesis elucidated several fundamental electrophysiological processes in NRK fibroblasts 
and will form the basis for further studies on density-dependent growth control and trans-
formation in these cells. 
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Samenvatting 
Groei- en differentiatieprocessen vormen de basis voor de ontwikkeling van een multicellu-
lair organisme O m een volwassen organisme te vormen, moeten cellen zich vermeerderen, 
maar deze celvermeerdering moet strikt gecoördineerd worden Niet alleen moet een cel 
geïnstrueerd worden wanneer deze zich moet delen, maar er moeten ook signalen zijn die 
een cel opdragen te stoppen met delen Het fundamentele defect dat ten grondslag ligt aan 
kanker is het verlies van deze controlemechanismen voor celgroei 
Normale, niet getransformeerde cellen, worden geremd in hun groei wanneer ze een be-
paalde celdichtheid bereiken Dit proces heet dichtheidsafhankelijke groeiremming en is niet 
meer aanwezig na een tumongene transformatie van cellen De moleculaire mechanismen 
die ten grondslag liggen aan dichtheidsafhankelijke groeiremming, zijn slechts ten dele be-
kend Een fibroblastencelhjn, genaamd NRK {Normal Rat Kidney), wordt gebruikt als een 
modelsysteem om de mechanismen verantwoordelijk voor dichtheidsafhankelijke groeimo-
dulatie te onderzoeken Deze cellen raken geinhibeerd in hun groei wanneer zij worden ge-
kweekt in de aanwezigheid van epidermal growth factor als de enig aanwezige groeifactor 
Echter, in de additionele aanwezigheid van stimuli zoals transforming growth factor β of 
platelet-derived growth factor, verhezen deze cellen de groei-inhibitie en transformeren de 
cellen In dit proefschrift werd de rol van intercellulaire communicatie, membraanpotentiaal 
en de intracellulaire calciumconcentratie ([Ca +]J bij dichtheidsafhankelijke groeiremming 
onderzocht, waarbij de nadruk gelegd werd op de rol die groeifactoren hierbij spelen Aan­
gezien weinig bekend was over de electrofysiologie van fibroblasten, zijn eerst de basale 
electrofysiologische eigenschappen in relatie tot de werking van groeifactoren bestudeerd 
Onderzocht werd of N R K fibroblasten intercellulair gekoppeld zijn via gap junctions 
Door middel van een nieuwe techniek om koppeling te meten, die gebaseerd is op het con­
densatorgedrag van cellen, werd aangetoond dat NRK cellen goed gekoppeld zijn Dit werd 
bevestigd met behulp van een techniek waarbij de intercellulaire diffusie van een fluoresce­
rende stof werd onderzocht De electrische koppeling van N R K cellen lijkt verantwoorde­
lijk te zijn voor een stabilisatie van de membraanpotentiaal, aangezien losliggende cellen, in 
tegenstelling tot confluent gegroeide cellen, een onstabiele membraanpotentiaal hebben 
Membraanpotentiaal-destabihsatie werd gebruikt als een hulpmiddel om remming van inter­
cellulaire communicatie te bestuderen en leidde tot de ontdekking van een nieuwe klasse van 
remmers van gap junctions, de fenamaten 
Vervolgens werden de effecten van de fosfo-inositidenmobihserende agonist bradykinine 
op de membraanpotentiaal en op [Ca + ] , onderzocht in monolagen van N R K cellen Brady­
kinine induceerde een snelle, transiente depolansatie in deze cellen die veroorzaakt wordt 
door het openen van Ca +-geactiveerde Cl kanalen Dit effect kon nagebootst worden door 
andere factoren, zoals Prostaglandine F 2 a ( P G F 2 a ) , lysophosphatidic acid (LPA) en platelet-
derived growth factor (PDGF-BB), welke ook een verhoging van de [Ca + ] , tot gevolg had­
den Deze resultaten toonden aan dat een depolansatie een algemene respons is na een ver­
hoging van de [Ca + ] , 
In monolagen die een dichtheidsafhankelijke groeiremming vertoonden, werden sponta­
ne, repetitieve verhogingen van de [Ca + ] , waargenomen Deze zgn Ca + spikes werden ge­
ïnduceerd door spontane Ca actiepotentialen die op hun beurt veroorzaakt werden door 
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de regeneratieve opening van L-type Ca + kanalen. Actiepotentialen konden ook geïndu-
ceerd worden in monolagen van rustende fibroblasten door middel van een depolarisatie 
boven de drempelwaarde van deze Ca + kanalen geïnduceerd door bradykinine. De actiepo-
tentialen propageerden met een snelheid van 6.0 mm/s door de monolaag, resulterend in een 
transiente verhoging van [Ca +], in een groot aantal cellen. Deze data laten zien dat electrisch 
gekoppelde fibroblasten een exciteerbaar syncytium kunnen vormen en brengen een nieuw 
mechanisme aan het licht voor intercellulaire Ca + signalering in deze cellen. Deze resultaten 
illustreren ook het samenspel van de [Ca +], en de membraanpotentiaal in NRK cellen: ver-
hogingen in [Ca +], induceren een depolarisatie via Ca ""-afhankelijke Cl" kanalen, terwijl een 
depolarisatie weer voltage-afhankelijke Ca + kanalen kunnen openen die op hun beurt een 
Ca + influx veroorzaken. 
NRK fibroblasten kunnen ook gekoppeld zijn met andere celtypen, zoals epitheliale cel-
len. Er werd aangetoond dat electrische signalen, opgewekt in de fibroblasten, doorgegeven 
kunnen worden aan de epitheliale cellen. Op deze manier kon een respons worden gegene-
reerd in epitheliale cellen, welke werd bepaald door de respons van de fibroblasten op de 
stimulus. Heterocellulaire koppeling van fibroblasten kan daarom een belangrijke functie 
van fibroblasten in weefsels vertegenwoordigen. 
Tot dusverre werd geen bewijs gevonden voor een rol van intercellulaire communicatie 
in de regulatie van groei in NRK cellen. Tevens lijken de membraanpotentiaal alsmede de 
respons van groeifactoren op de [Ca +], niet betrokken te zijn bij dichtheidsafhankelijke 
groeiregulatie. Er zijn nog verscheidene vragen die onbeantwoord zijn gebleven, zoals de rol 
van intercellulaire communicatie tussen getransformeerde en niet-getransformeerde NRK 
cellen, de rol van de basale [Ca +], en de rol van ionkanalen bij de controlemechanismen van 
dichtheidsafhankelijke celgroei. Alhoewel verder onderzoek misschien toch bewijs kan leve-
ren voor een rol van de membraanpotentiaal, intercellulaire koppeling of de [Ca2+], bij de 
controle van celgroei van NRK cellen, vooralsnog blijft de rol van deze electrofysiologische 
parameters bij deze controle onduidelijk. 
In conclusie, de mechanismen die ten grondslag liggen aan de controle van celgroei en het 
verlies van deze controlemechanismen bij celtransformatie is onderzocht met behulp van 
NRK fibroblasten als modelsysteem. Concluderend kan gesteld worden dat het onderzoek 
dat in dit proefschrift beschreven is verscheidene basale electrofysiologische verschijnselen in 
NRK cellen aan het licht heeft gebracht die een basis vormen voor verdere studies naar de 
dichtheidsafhankelijke groeimodulatie en transformatie van deze cellen. 
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